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Abstract
Phase inversion emulsification (PIE) is a process of generating emulsions by inverting the continuous and
dispersed phases of precursor emulsions. PIE is particularly useful when it is challenging to generate the
target emulsions by conventional emulsification methods. One such case is the synthesis of polymeric
nanoparticles, which requires production of very small droplets of viscous oils. Currently most, if not all,
PIE processes in industry are performed as batch processes. Many studies have demonstrated
considerable reductions in operation time/cost by changing a batch system to a continuous system. One
way of inducing phase inversion in continuous processing is by flowing emulsions through precisely
engineered channels and pore-arrays i.e. by flow-induced phase inversion emulsification (FIPIE). A clear
advantage of this mechanism is that it can be simulated in microfluidic channels and thus direct
observation and
fundamental investigation of the PIE process is possible. It is shown that preferential wetting between the
dispersed phase of the precursor emulsions and the channel surfaces is crucial for FIPIE. This means, O/
W emulsions require hydrophobic channels for FIPIE and vice versa. A tapered design of the phase
inversion channels (PICs) with homogeneous surface treatments is used to induce FIPIE. It is found that
FIPIE is very sensitive to the amount of taper and is suppressed if taper angle increases above 5 degrees.
The dynamic factors affecting FIPIE are investigated in terms of dimensionless parameters – Capillary
number, which denotes the relative importance of surface tension and viscous effects and D/W, which is
the ratio of size of droplets to the minimum width of the tapered PICs. Lower Ca and higher D/W are
found to favor FIPIE. A mechanism of FIPIE is proposed based on the real-time visualization of FIPIE. As
droplets passed through narrow channels, the continuous aqueous phase is sheared into a thin film
surrounding the oil droplets. Rupture of this aqueous film is found to be the most critical mechanistic step
of the process. The underlying physical phenomena driving film rupture are studied based on a balance of
interfacial stresses. Finally, the effect of composition and molecular mass of surfactants on the stability
of emulsions against FIPIE is studied. It is shown that surfactants, which provide thicker and more
viscoelastic films at emulsion interfaces result in emulsions that are more resistant to FIPIE. The insights
developed in this thesis can further the prospects of enabling continuous PIE on a larger scale.
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ABSTRACT
UNDERSTANDING FLOW-INDUCED PHASE INVERSION OF
EMULSIONS USING MICROFLUIDICS
Ankit Kumar
Daeyeon Lee

Phase inversion emulsification (PIE) is a process of generating emulsions by
inverting the continuous and dispersed phases of precursor emulsions. PIE is
particularly useful when it is challenging to generate the target emulsions by
conventional emulsification methods. One such case is the synthesis of polymeric
nanoparticles, which requires production of very small droplets of viscous oils.
Currently most, if not all, PIE processes in industry are performed as batch
processes. Many studies have demonstrated considerable reductions in operation
time/cost by changing a batch system to a continuous system. One way of
inducing phase inversion in continuous processing is by flowing emulsions
through precisely engineered channels and pore-arrays i.e. by flow-induced phase
inversion emulsification (FIPIE). A clear advantage of this mechanism is that it
can be simulated in microfluidic channels and thus direct observation and
fundamental investigation of the PIE process is possible.
It is shown that preferential wetting between the dispersed phase of the precursor
emulsions and the channel surfaces is crucial for FIPIE. This means, O/W
emulsions require hydrophobic channels for FIPIE and vice versa. A tapered
v

design of the phase inversion channels (PICs) with homogeneous surface
treatments is used to induce FIPIE. It is found that FIPIE is very sensitive to the
amount of taper and is suppressed if taper angle increases above 5 o. The dynamic
factors affecting FIPIE are investigated in terms of dimensionless parameters –
Capillary number, which denotes the relative importance of surface tension and
viscous effects and D/W, which is the ratio of size of droplets to the minimum
width of the tapered PICs. Lower Ca and higher D/W are found to favor FIPIE. A
mechanism of FIPIE is proposed based on the real-time visualization of FIPIE. As
droplets passed through narrow channels, the continuous aqueous phase is sheared
into a thin film surrounding the oil droplets. Rupture of this aqueous film is found
to be the most critical mechanistic step of the process. The underlying physical
phenomena driving film rupture are studied based on a balance of interfacial
stresses. Finally, the effect of composition and molecular mass of surfactants on
the stability of emulsions against FIPIE is studied. It is shown that surfactants,
which provide thicker and more viscoelastic films at emulsion interfaces result in
emulsions that are more resistant to FIPIE. The insights developed in this thesis
can further the prospects of enabling continuous PIE on a larger scale.
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Chapter 1 Introduction to Flow-Induced Phase Inversion
Emulsification (FIPIE)
1.1 Introduction and Motivation
Emulsions are multi-phasic liquid mixtures in which droplets of one liquid are
dispersed in another immiscible liquid. They are essential components of
numerous products we use daily, natural as well as man-made, such as milk, salad
dressing, cosmetics and paints. The characteristics of emulsions are closely
correlated with the formulation and composition of the emulsion system, as well
as the emulsification technique used to generate them. Emulsification techniques
are broadly classified into two kinds: high-energy and low-energy emulsification.
While high-energy techniques rely on huge amounts of energy input in the form
of high-intensity stirring or high-pressure homogenizations, low-energy
techniques achieve the same outcome by changing the thermodynamics or
dynamics of emulsification, such as by changing the surfactant/oil/water
composition of the system. However, lack of proper fundamental understanding
of the low-energy methods limits their widespread application. One such lowenergy technique is called phase inversion emulsification (PIE).
PIE is an emulsification process where the continuous and dispersed phases of a
pre-existing emulsion are interchanged like the generation of a water-in-oil
emulsion from a pre-existing oil-in-water emulsion. But why would we use this
indirect two-step method instead of generating the required emulsions directly?
Certain application-specific emulsions are often difficult to generate by direct
1

emulsification, such as nanoemulsions, which are emulsions with droplet sizes in
the range of 100-200nm. Low viscosity and transparent visual aspects of
nanoemulsions make them attractive for applications in the food industry. High
surface area, which allows an effective transport of active ingredients to the skin
and other parts of the body, motivate cosmetic and pharmaceutical applications.1
Naturally, due to high surface area, synthesis of nanoemulsions requires enormous
amounts of energy inputs during emulsification. For applications such as
synthesis of nanoemulsion-templated nanoparticles, often monomers of high
viscosity are emulsified, which further increases the magnitude of energy
required.2 Phase inversion temperature (PIT) method, a particular mechanism of
PIE, has been shown to generate nanoemulsions at a fraction of energy
consumption as compared to conventional emulsification techniques.3-5 Another
mechanism of PIE, called the catastrophic PIE is one of the core technologies that
many companies (e.g., Xerox) uses to generate latex particles by inverting a W/O
emulsion to an O/W emulsion.6 Latex particles from these resin emulsions form
the raw materials for Xerox products such as toners that are used in electrostatographic applications.7 PIE processes also have been used by pharmaceutical
and food industry to prepare emulsions with desirable properties (e.g., small size,
shelf-life, flowability etc.).8-10
A majority of PIE applications in industry are currently performed as batch or
semi-batch processes. Cost reduction and more efficient use of the equipment and
floor space are strong motivators for shifting industrial processes towards the
2

continuous mode. Ease of automation is another factor favoring the introduction
of continuous processing. Many studies, in fact, have demonstrated considerable
reductions in operation time/cost by changing a batch/semi-batch system to a
continuous system.10 The pharmaceutical industry, which traditionally used batchwise processes, is now aggressively shifting its manufacturing paradigm toward
continuous processes to further reduce cost, improve process efficiency and
flexibility in production capacity.11 The Food and Drug Administration’s Center
for Drug Evaluation and Research (CDER) has emphasized the need for active
research in this field through a new house bill to award grants for universityindustry collaborative projects, such as the MIT-Novartis Center for Continuous
Manufacturing.12 Increasing number of pharmaceutical companies, such as
GlaxoSmithKline, Johnson & Johnson and Vertex Pharmaceuticals are now
making serious financial commitments because of the obvious benefits of
continuous processing in the long run. The limited understanding and know-how
of continuous PIE is a stumbling block in this path and warrants a systematic indepth investigation.
Typically, PIE is either induced by increasing the dispersed-to-continuous phase
ratio in the emulsion, a.k.a catastrophic PIE,13-17 or by changing the affinity of the
emulsifiers towards the two fluid phases, which is known as transitional PIE.18-21
Most PIE processes are accompanied by a reduction in the overall free energy of
the system because the end product is thermodynamically more stable than the
starting emulsions.22 Despite the reduction in free energy, there is an energy
3

barrier between the initial and final states. Processes such as catastrophic PIE
overcome that barrier by delivering mechanical energy using industrial mixer
units. This energy input requirement, along with the requirement for the addition
of the dispersed phase, has traditionally been achieved using vessels fitted with
impellers in batch systems. To drastically change this approach to enable
continuous PIE, an under-explored flow-induced PIE (FIPIE) technique is being
investigated in this thesis. In FIPIE, the energy required to overcome the energy
barrier is provided through shear deformation of the emulsions as they flow
through precisely engineered channels.23 One clear advantage of using FIPIE
mechanism is that it can be simulated in microfluidic channels and thus direct
observation and fundamental investigation of the PIE process is possible.

1.2 Flow-induced phase inversion emulsification: state-of-the-art
In the early 1990s’ a few patents and papers showed that PIE of W/O emulsions
can be induced by flowing emulsions through a multiple expansion contraction
static mixer (MECSM, Figure 1-1(a)). Multiple passes of coarse starting W/O
emulsions through the expansion-contraction geometry of the static mixer resulted
in phase inversion into O/W emulsions.23,

24

Several design parameters of the

MECSMs such as the length and width of the narrow constriction (~100s’ μm)
and entry/exit angles of the constriction were varied in the study. The length and
diameter of the capillary were found to be important geometrical factors and were
crucial in determining the performance of the mixer. In addition, the amount of
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drop deformation induced by shear and extensional rates on the passing emulsion
was found to be important.
Based on the existing knowledge of behavior of structured fluids, such as
colloidal suspensions, in converging/diverging flow conditions, a mechanism for
FIPIE in MECSMs was proposed. When deformable particles such as emulsion
droplets are accelerated through a constriction, the particle shape changes to
cylindrical rods with their long axis aligned along the flow direction (II in Figure
1-1(b)).25, 26 When the fluid exits the constriction, the droplets transform into disclike shapes (III in Figure 1-1(b)), due to deceleration of flow and sudden
expansion. This sudden change is accompanied by a marked inversion in the
interfacial curvature (concave-to-convex), which is believed to be the hallmark of
PIE processes. It was proposed that these deformed disc-shaped water droplets
aggregate and encapsulate the continuous phase (oil) (IV in Figure 1-1(b)). The
presence of smaller water droplets suspended in the oil phase facilitates aqueous
encapsulation of oil droplets as more water discs aggregate around the oil droplets
(IV & V in Figure 1-1(b)). Through this process, the continuous phase changes
from oil to water (V in Figure 1-1(b)). PIE is considered to be partially complete
with the formation of multiple emulsions (W/O/W) (VI in Figure 1-1(b)). In
subsequent passes through the MECSM (VII in Figure 1-1(b)), the compound oil
droplets (containing the aqueous phase droplets i.e. W/O/W emulsions) undergo
the same deformation while passing through the narrow channel of the MECSM.
The presence of water droplets in the oil phase (W/O/W) is thought to ‘weaken’
5

the oil phase thereby causing a relatively easier fragmentation of the oil phase
during subsequent passes, leading to complete phase inversion to O/W emulsions
(VII & IX in Figure 1-1(b)).

Figure 1-1 (a) Schematic drawing of a typical Multiple Expansion Contraction
Static Mixer (MECSM) labeled with parts. (b) The proposed mechanism for
flow-induced phase inversion of W/O emulsions into O/W emulsions divided
into 9 steps. The shaded phase is the aqueous phase of the emulsions.
Reproduced with permission from reference 23
6

This study demonstrated that under appropriate flow conditions, PIE can be
induced without changing the thermodynamic state (temperature or composition)
of the system. Even though FIPIE of W/O emulsions in MECSM provided a
proof-of-principle, very limited fundamental understanding of FIPIE was
developed. It is our hypothesis that due to the high surface area to volume ratio at
the small length-scales involved in this process, wetting conditions of the
materials used to fabricate the MECSM could significantly affect FIPIE.
Likewise, the morphology and chemistry of the precursor emulsions are expected
to be very important in shaping the flow behavior as well as FIPIE of emulsions.
The mechanism proposed in these reports lacked fundamental droplet-level
information, and only provided speculations as to how PIE would occur as
emulsions flowed through constrictions and expansions.

Figure 1-2 Proposed mechanism of phase inversion of W/O/W multiple
emulsions into W/O emulsions inside a pore of polycarbonate membranes.
Reproduced with permission from reference 27
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In another study on shear-induced phase inversion, water-in-oil-in-water
(W/O/W) multiple emulsions were flowed through polycarbonate membranes
with pore sizes of 3 or 8µm.27 It was proposed that as the multiple emulsion
droplets squeezed through the membrane pores, a lamellar structure of surfactantladen interfaces was formed inside the pore, as shown schematically in Figure 12. Marangoni stresses developed inside the membrane pores, thus rupturing the
lamellar structures and forming reverse micelles. These reverse micelles
coalesced to form W/O emulsions. The mixing ratio of hydrophilic to
hydrophobic surfactants was reported to affect whether the system would undergo
phase inversion. Additionally, reversal of the pore-wall wetting properties was
shown to generate different kinds of emulsions from the same W/O/W emulsions.
Hydrophilic membranes led to O/W emulsions while hydrophobic membranes
facilitated W/O emulsions. While the importance of wetting properties of
materials of constructions was highlighted, a fundamental understanding of FIPIE
on the single droplet-level was missing. A more systematic investigation of
geometric factors of the pore, which can facilitate this PIE would enable
continuous processing by this mechanism. The developments in the field of FIPIE
remained relatively slow in the subsequent years until recently when
advancements in microfluidic fabrication as well as high-speed imaging
techniques made it possible to observe the processes at the droplet-level.
Shearing emulsions inside microfluidic channels of changing cross-sections was
reported to cause phase inversion in a two-dimensional emulsion system.28 It was
8

previously known that the sudden acceleration of two droplets in close proximity
can lead to a reduction in pressure in the interstitial film between them, causing
coalescence (Figure 1-3(a)). This principle was utilized for a two-dimensional
array of emulsions, creating a cascade of propagative coalescence events that
ultimately lead to phase inversion (Figure 1-3(b)).29

Both size and spatial

distribution of droplets in the two-dimensional arrangement were shown to affect
the probability of coalescence. Observation of droplet-level events in real time led
to a better understanding of droplet motion and the propagation of coalescence
front, highlighting the importance of in situ observation in fundamental
investigations of processes with unclear mechanisms.
Recently, phase inversion of emulsions has been reported by changing the wetting
properties of micro-channels carrying the emulsion droplets.30 It was shown that
when O/W emulsions flowing through a hydrophilic channel suddenly enter a
hydrophobic region of the channel, droplets could adhere to the channel walls
depending on the Capillary number of the flow. A scaling relationship between
the critical Ca and the ratio of size of droplets to the size of channels was also
developed leading to a deeper understanding of the underlying physical
phenomena governing flow-behavior of emulsions through channels of changing
wettabilities. This study further reaffirmed the importance of wetting properties of
microchannels because these findings could enable recycling of the ingredient
materials of the emulsions by causing a macroscopic phase separation into oil and
water phases (Figure 1-4). However, phase inversion was not explicitly observed
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in this study. Spatial site patterning of surface of glass capillaries with the help of
photolithographic techniques has been reported to significantly affect the
morphology and behavior of emulsions in the patterned micro-channels. It was
shown that by creating sharp contrasts in surface wettability, emulsions could
adhere to the channel surfaces, and invert phases (Figure 1-5).31 However, this
was only a proof-of-concept and no fundamental understanding of the factors
affecting phase inversion or the mechanistic steps involved in the process were
reported.

Figure 1-3 (a) Time sequence images showing two droplets as they pass
through a ‘collision chamber’. As the droplets enter the wide part, they slow
down and collide. However, coalescence does not occur upon collision.
Coalescence is observed as the droplets separate from each other while they
speed up into the narrow part of the channel. Top to bottom time in ms: 0, 3, 5,
7, 7.1, 10. Reproduced with permission from reference 28. (b) Formation of
nipples on the surface of droplets due to low pressure in the interstitial film
caused by separation of the droplets. (Scale bar is 20µm). Reproduced with
permission from reference 28 (c) Time sequence showing propagation of
droplet coalescence in 2-dimensional array of droplets showing encapsulation
of continuous phase and local phase inversion. The small droplet in the final
image is part of the continuous phase engulfed in between coalescing droplets.
Mean drop radius is 20µm and each time step is 0.133ms. Reproduced with
permission from reference 29
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It is therefore clear that flowing emulsions through precisely designed channels or
membranes can induce phase inversion. The wetting properties of the channels
play a very significant role in this process and can be leveraged to trigger phase
inversion in specific locations inside these channels. However, a comprehensive
understanding of the design parameters necessary for enabling continuous FIPIE
is still elusive. A systematic investigation of the factors which affect the outcome
of the process, especially in terms of dimensionless quantities could prove to be
very useful in the future scaling up of the process. Finally, it is essential to
develop the mechanistic understanding of the process is essential to fully utilize it
on a larger scale, which can be achieved through in situ observation of dropletlevel changes occurring during FIPIE.

Figure 1-4 Macroscopic phase separation of O/W emulsions using droplet
adhesion technology for recycling of emulsion droplets. Oil phase contains a
red dye. Passing the O/W emulsions through a channel with hydrophilic and
hydrophobic surface causes complete phase separation into oil and water
phases. Reproduced with permission from reference 30.
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Figure 1-5 O/W emulsions flowing through a glass micro-channel with
patterned surface wettabilities. Dark phase is the aqueous phase.The part of the
channel marked in yellow (6mm in length) is patterned to be hydrophobic.
Changing the velocities of droplets can cause change in the behavior of the
emulsions. (a) at 2.61mm/s no change in O/W emulsions, (b) 0.27mm/s
adhesion of oil droplets to the channel surface, and (c) at 0.61mm/s inversion
of O/W emulsions into W/O emulsions occurs. Reproduced with permission
from reference 31

1.3 Thesis Objectives and Outline
To enable continuous PIE with high reliability and control, it is imperative to
develop a more careful and systematic approach to study flow-induced PIE. The
goal of this thesis is to develop a single droplet-level understanding of FIPIE
using microfluidics. Microfluidic systems operate at low Reynolds numbers, i.e.
under laminar flow-conditions, just like systems involving high viscosity fluids.
Therefore, microfluidics was chosen to investigate the conditions for phase
inversion. Additionally, microfluidic droplet generation enables precise control on
the size, composition and characteristics of precursor emulsions, which is
necessary for a systematic study of the process. Finally, with the advancements in
high-speed imaging capabilities, in situ observation of FIPIE with high spatial and
temporal resolutions can give important insights into the mechanism of the
process.
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Some of the fundamental questions about FIPIE addressed in this thesis are,


How does the channel geometry affect the interactions between channelsurface and emulsion droplets?



Under what conditions is wettability of channel walls important in inducing
PIE?



What are the dynamic flow-conditions necessary to facilitate or prevent
FIPIE as per requirements?



What is the mechanism of the process? What is the most important step in
the mechanism?



What is the driving force, or the underlying physical phenomena in FIPIE?

The thesis is divided into three main sections. In the first section, (Chapter 2) we
optimized the design of the microfluidic phase inversion channels (PICs) in terms
of the geometry of the channel as well as the channel wetting properties. We
found that preferential wetting between the dispersed phase of the emulsions and
the channel walls was essential to induce phase inversion. We used variable-width
geometry of PICs to avoid the need for complicated surface wettability patterning.
The amount of channel taper was also found to be important in deciding the fate
of the precursor emulsions flowing through the PICs. With the help of this
understanding, we designed our PICs to efficiently and reliably induce phase
inversion.
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In the second section, (Chapter 3), we performed a fundamental investigation of
the FIPIE process. We investigated the dynamic factors affecting the process
outcome in terms of dimensionless parameters and expressed it in the form of a
state-diagram showing regions of operation for different outcomes. Next, we
utilized in situ high-speed imaging to gain insights into the mechanistic steps of
the process. We found that the rupture of the continuous phase thin film around
the droplets inside the PICs, was the most important step in FIPIE. We also
considered the effect of stress balance at the interface on the rupture of the thin
film. This analysis provided insights into the underlying physical phenomenon
and driving force behind FIPIE.
In the third section, (Chapter 4), we investigated the effect of the surfactants on
the rupture of the aqueous film, and thus on FIPIE. We used amphiphilic triblock
copolymers of PEO-PPO-PEO type, commercially available as Pluronic
surfactants in this study due to their versatility as well as their economical
availability with a wide range of properties. We found that emulsions stabilized
by Pluronic copolymers were more stable against FIPIE as compared to those
stabilized by the molecular surfactant (Tween20) used in the previous chapters,
even though the interfacial tensions were lower in the case of Tween 20. This
observation indicated other factors such as steric stabilization playing a crucial
role in the rupture of aqueous films, which was verified by varying the molecular
weight and hydrophilic/hydrophobic chain lengths of the copolymers.
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The understanding developed in this study brings us one step closer to the goal of
enabling continuous FIPIE in industry. However, various newer aspects of FIPIE,
which warrant further investigations, were highlighted. The findings of this thesis
are based on a limited set of S/O/W (surfactant/oil/water) systems. In order to
generalize these findings, the effects on different, industrially relevant systems are
necessary. One way to approach this problem would be to investigate the effect of
a dimensionless viscosity ratio (µc/µd) of the continuous and dispersed phases on
FIPIE. The emulsions used in this study were monodisperse with precise control
on their size and distribution. While this was necessary for a systematic
investigation, this tight control on precursor emulsions is unrealistic. In fact,
polydispersity of precursor emulsions, as briefly discussed in Chapter 3, could
change the outcome of FIPIE significantly. A study employing precursor
emulsions with controlled polydispersity could provide valuable insights into a
more realistic picture of FIPIE, especially on aspects such as multiple emulsion
formation as by-products of the process.
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Chapter 2 Design of Phase Inversion Channels – Geometric and
Wetting properties
2.1 Abstract
In this chapter, the effects of properties of the phase inversion channels (PICs)
such as the wettability of channel surfaces and their geometric characteristics, on
flow-induced phase inversion of emulsions (FIPIE) have been investigated. It was
shown that preferential wetting between the dispersed phase of the precursor
emulsions and the PIC surface was crucial for inducing PIE. This was confirmed
by demonstrating FIPIE of O/W emulsions in hydrophobic PICs as well as W/O
emulsions in hydrophilic PICs. Recognizing the limitations of surface wettability
patterning techniques such as added complexity of fabrication, susceptibility to
erosion and a limited achievable contrast in wettability, a tapered design was
proposed to leverage relatively simpler homogeneous surface treatments. FIPIE
was shown to be very sensitive to the amount of taper and a cut-off taper angle
(~5o) was shown to exist. Above this cut-off angle FIPIE was suppressed. This
sensitivity could be correlated with the rapid reduction in the residence time of
droplets in the PIC with increasing taper angle.

2.2 Introduction
With recent advances in design and fabrication techniques, ‘lab-on-a-chip’
microfluidic devices have become popular model systems in a host of
fundamental research areas.1

Microfluidics provides tight control of the

microenvironment and the ability to isolate and investigate critical factors of
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interest, along with in situ real-time imaging. As a result, a microfluidic system
was chosen to investigate the fundamental mechanism and factors affecting
FIPIE. Iterative improvements in the design of microfluidic phase inversion
channels (μ-PICs) helped in optimizing the geometric and surface properties
favorable to induce PIE of O/W emulsions.
While designing microfluidic channels for different applications, several
parameters based on the understanding of the interactions between structured
fluids such as emulsions and the geometry and wetting properties of the channels
need to be considered.2, 3 The most important design parameters considered in this
study were cross-sectional shape, dimensions and wettability of the channels.
Simple rectangular (for PDMS) and cylindrical (for glass) geometries were used
throughout the study to avoid the need for complex fabrication techniques. The
channel height was kept between 1-2 times the droplet sizes in order to maintain
single droplet-level image clarity by avoiding droplet stacking. The channel width
tapered from an initial maximum width of 250µm, which is greater than all
droplet diameters used in the study, to a minimum of 25-40µm at a specific taper
angle (maintained between 2.5o-20o). The material properties of photoresist (SU-8
3050) as well as PDMS used in the photo- and soft-lithographic techniques
limited the maximum channel height/width ratio to 10:1.4 Downstream from the
point of minimum width, the channel widened to the original width of 250µm.
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Wetting properties of microfluidic channels significantly affect the flow
characteristics because of the high surface area – to – volume ratio typical at
micron length-scales.5 In fact, the nature of emulsions generated in microfluidic
droplet generators can be reversed e.g. from O/W to W/O, without changing the
surfactant/oil/water system, simply by reversing the wetting properties of the
channel walls. Similar wetting reversal was also used to induce the inversion of
emulsion for the first time, as shown in Figure 2-1(a).6 Later, Chen et al. showed
that phase inversion of pre-generated emulsions can be achieved by patterning the
channel wettability such that it preferentially wets the dispersed phase of the
injected emulsions (Figure 2-1(b)).7 Spatial site-patterning of glass capillaries
using lithographic techniques to achieve sharp contrasts in wettability has also
been shown to cause the inversion of emulsions under appropriate flow-conditions
as shown in Figure 2-1(c).8 However, a continuous operation of stable flowinduced inversion of emulsions is necessary to enable continuous PIE for
applications. Additionally, other process parameters affecting the FIPIE need
rigorous investigation before the process can be scaled up.
In order to address these issues, the wettability and geometric parameters of phase
inversion channels (PICs) were investigated in this study to provide a blueprint
for the design of PICs. O/W and W/O emulsions were generated and flowed
through hydrophilic as well as hydrophobic PICs. It was shown that preferential
wetting of the PICs by the dispersed phase of the pre-generated emulsions is
crucial to achieve FIPIE. The PIC was designed with a wide upstream part and a
22

tapered downstream part. This design enabled localization of FIPIE in the tapered
part of the channel facilitating in situ observation. Finally, the amount of taper
was shown to be critical in determining the fate of emulsions flowing through the
PICs.

Figure 2-1 (a) Phase inversion of W/O emulsions into O/W emulsions when
the channel wettability is reversed from hydrophobic to hydrophilic. Water
(bright) which is initially in droplet form becomes the continuous phase in the
downstream hydrophilic part after reconfiguration of fluids in the transition
region. Reproduced with permission from reference 6. (b) O/W emulsions
(with oil phase dyed red) invert into W/O emulsions as they flow from the
hydrophilic section into the hydrophobic section of the capillary. Reproduced
with permission from reference 7 (c) Different outcomes of flowing O/W
emulsions at different flow rates (Passing-2.61mm/s, Adhesion-0.27mm/s,
Inversion-0.61mm/s) through a glass capillary channel with heterogeneous
wetting conditions. The hydrophobic section is marked in yellow. Reproduced
with permission from reference 8

23

2.3 Experimental details
2.3.1

Photo-Lithography and Soft-Lithography

PICs were fabricated using photo- and soft-lithographic techniques. First, CAD
software (AutoCAD) was used to create designs of the PICs with exact
dimensions. These designs were printed, in negative, at 24,500 DPI, with a
minimum feature resolution of 10µm (CAD/Art Services, outputcity). These
prints were ‘photo-masks’ for the negative photoresist (SU-8 3050, Microchem)
during lithography. One such photo-mask is shown in Figure 2-2(a). Photoresist
was spin-coated on a silicon wafer. The thickness of the resist determines the final
height of the PICs. The spin-coating parameters were manipulated to maintain the
height of PICs between 1-2 times the size of droplets.9 For droplets ranging from
80-200µm, the height of the channels needed to vary between 100-220µm. The
photoresist was then exposed to UV radiation through the photo-mask crosslinking the required regions. The uncross-linked photoresist was washed away
using the SU-8 developer (Microchem) to leave the negative replica of PICs on
the silicon master. This master was then hard baked to complete the cross-linking
process. To ensure that PDMS can be easily peeled from the surface of the master,
self-assembled

monolayers

of

a

fluorosilane

(Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (Sigma)) were vapor-deposited on the wafer. 40µL of the
silane solution was placed in a desiccator with the wafer for 2 hours to facilitate
vapor deposition.
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The base and cross-linking agent (Sylgard 184, Dow Corning) were measured in
the ratio 1:9 by weight, thoroughly mixed and placed in a desiccator for 1 hour to
remove any air bubbles. It was then poured on the silicon master and was placed
in an oven at 70oC for 2 hours to complete the cross-linking. Part of the PDMS
directly on top of the devices was cut with a sharp x-acto knife. Holes were
punched for the inlet and outlets of the fluids with a biopsy punch. The side of
PDMS with the features was delicately cleaned with scotch tape to remove any
physical residue. It was then exposed to O2 plasma for 90 seconds at 90W
(Harrick Plasma) alongside another thin layer of PDMS deposited on a glass slide.
The two ‘active’ PDMS surfaces were then bonded together with force and placed
in the oven at 70oC and left for 1 hour. These devices were then retrieved from the
oven and surface functionalization with OTS in hexadecane was performed. A
picture of the completed device array with 40 devices is shown in Figure 2-2(b).

Figure 2-2 (a) Image of the photo-mask showing one phase inversion channel.
The circular end on the left is the inlet and the on the right is the outlet. The
half-angle is 2.5o and the minimum channel width is 40µm. (b) A photograph
of the device array fabricated by soft-lithography in PDMS showing 40
devices on one chip. The smallest division of scale at the bottom is 1/20th inch.
25

2.3.2

Functionalization for glass capillary droplet generators

The surface tension between the fluids and the solid surface of microchannels
often plays a very crucial role in the flow-behavior of fluids. It is therefore, often
necessary to employ suitable surface functionalization on micro-channel surfaces
to obtain a stable flow condition. In this study, both O/W as well as W/O
emulsions were generated by glass capillary microfluidic devices. Since glass is
hydrophilic, no additional surface treatment was necessary for the generation of
O/W emulsions. However, the generation of W/O emulsions called for
hydrophobic functionalization of all inner surfaces. This was achieved by
functionalization of glass capillaries with self-assembled monolayers of
Trichloro(octadecyl)silane (OTS, Sigma). Clean glass capillaries were dipped in a
1vol.% solution of OTS in toluene for 90 seconds. After flushing out the
remaining OTS solution, the capillaries were washed with fresh toluene to remove
the unattached OTS, and then dried with N2. Care was taken to minimize
exposure to moisture, which could lead to side reactions of OTS resulting in white
residue on the capillaries. Finally, to facilitate chemical bonding of the silane to
glass, the capillaries were heated on a hot plate at 150oC for 2 hours. Sessile drop
tensiometry was used to characterize the functionalization using glass slides
functionalized by the same protocol. The three phase contact angle of an oil drop
in a continuous aqueous phase was found to be 114o±6.5o. Surface
functionalization was performed after the glass capillaries were tapered because
heat treatments involved in melting and pulling the glass capillaries could
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compromise the organic SAMs and reduce the effectiveness of the
functionalization.
2.3.3

Functionalization of PDMS phase inversion channels

PDMS is inherently hydrophobic because of surface methyl groups. However,
irradiation of the surface with O2 plasma alters the physical and chemical
structure of the surface.10 Methyl groups are oxidized, resulting in Si-OH groups
on the surface. This ‘glass-like’ surface enables functionalization as well as
chemical bonding between the different parts of the device. Additionally, the
Silanol (Si-OH) groups make the surface hydrophilic. This hydrophilic property is
short lived, and through the diffusion of oligomers of PDMS from the bulk to the
surface, the hydrophobicity is recovered, but rarely to the complete extent. This
recovery is however, slow and the kinetics is dependent on the storage conditions
(dry vs. wet, hot vs. cold). In order to reliably obtain a hydrophobic surface of
PDMS inside the phase inversion channels, the surface of PDMS was
functionalized with OTS briefly after plasma oxidation. A 1% (by vol.) solution
of OTS in hexadecane was injected into the PDMS device one hour after plasma
oxidation. This delay was essential to prevent unbonding or leakage of the freshly
assembled device. The OTS solution was allowed to sit in the channel for 15
minutes, at which point it was flushed out and replaced with a fresh solution for
another 15 minutes. Finally, a copious amount of ethanol was used to flush the
channels and remove any unreacted OTS. The device was heated at 150 oC on a
hot plate for 2 hours to complete the functionalization. Sessile drop tensiometry
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revealed the hydrophobic nature of OTS functionalized PDMS surface with
contact angle of 103o± 2.6o.
2.3.4

Microfluidic Droplet Generator Fabrication and Operation

Generation of a model emulsion system with precise control on size and sizedistribution is essential for a systematic study of FIPIE. This was achieved using
microfluidic glass capillary droplet generators. The design of the flow-focusing
device can be seen in Figure 2-3(a,b). Cylindrical glass capillaries were heated
coaxially and pulled to create a taper using a micropipette puller (Sutter
Instruments, P1000). The tips of these tapered capillaries were then precisely
forged using a micro-forge to create orifices of two different dimensions, as
shown in Figure 2-3(a).11 The glass capillaries were then functionalized with
OTS to help generate W/O emulsions. No such functionalization was necessary
for O/W emulsions. Both the cylindrical capillaries (large and small) were then
inserted coaxially into a square bore glass capillary facing each other. To ensure a
snug-fit, the inner dimensions of the square capillaries were chosen to closely
match the outer dimensions of the cylindrical capillaries. Care was taken to ensure
spatial alignment of the orifices of the cylindrical capillaries in all three (x-, yand z-) directions. Needles for the injection of fluids were then attached with
epoxy glue to make sure the channel was watertight. The glass capillary droplet
generators were allowed to dry and set before they were used.
The flow inside the device is shown with arrows in Figure 2-3(a). Filtered
solutions of dispersed and continuous phases were injected into the respective
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inlets using syringe pumps (Harvard Aparatus). Initially, the flow rates of the
fluids were kept low (~100μl/h for dispersed and 1000 μl/h for continuous phase)
until both the continuous and dispersed phases reached the tip of the tapered
capillary and droplet generation began. The operation parameters for the dripping
regime were determined using the relationship between the Capillary number of
the outer phase and the Weber number of the inner phase.12 The flow-rates of
continuous and dispersed phases (Qc/Qd) were used to control the size of
droplets.

Figure 2-3 (a) Schematic illustration of glass-capillary flow-focusing droplet
generator (Blue = Aqueous, Yellow = Oil) showing the dimensions of the
capillary orifices. The small orifice is ~40µm and the collection channel is
roughly 200µm. White curved arrows show the direction of flow of continuous
phase. (b) Optical microscopy image of the flow-focusing device during
generation of O/W emulsions.
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2.3.5 Droplet Reinjection
The droplet generation and phase inversion were studied in two separate devices
since both processes were flow-rate sensitive. Decoupling enabled the
independent investigation of a wide range of flow conditions. This required
collection of droplets from the generators and re-injecting them into the phase
inversion channels (PICs). This was challenging, especially for larger ‘fragile’
droplets (>100µm), because they were found to breakdown into smaller droplets
before they reached the tapered part of the PICs. Random breakdown of bigger
droplets led to uncontrolled polydispersity in the system and also reduced the
D/W, which was hindered FIPIE. To avoid this, the emulsions were collected in a
long piece of polyethylene tubing and transferred into the PICs directly from the
tubing. This way, the droplets are exposed to a minimum change of environment
(shear, wettability and cross-section) before they enter the PICs. Additionally,
collection

in

tubing minimized

the

exposure

of

emulsion

phase

to

dust/contaminants, which could clog the PICs and cause unnecessary pressure
drop.

Figure 2-4 Optical microscopy image of a PIC injected with a concentrated
emulsion phase
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The collection tubing, roughly 50-70cm in length was connected to the droplet
generator for 60 minutes, to fill the tube completely with emulsions. Then the
tubing was sealed at one end and suspended vertically to allow droplets to cream
to the top and form concentrated emulsion phase. The tubing was then connected
to the PICs. This way, concentrated emulsions with closely packed droplets were
delivered into the PICs (Figure 2-4). The behavior of droplets inside PICs was
found to depend on local hydrodynamic conditions. So, to subject each droplet to
similar conditions, it was essential to maintain a uniform inter-droplet distance.
Injection of closely packed droplets was therefore essential. Droplet reinjection is
an area of active scientific interest and interested readers can find more
information about the state-of-the-art from Ref 9, 13. The volumetric flow-rate of
reinjection determines the speed of droplets inside the PICs and therefore their
Ca. The flow-rate was varied from 20-20,000µL/h.

2.4 Results & Discussion
2.4.1

Relationship between channel wettability and FIPIE

Flow behaviors of emulsions and foams are dominated by the solid-fluid wetting
properties.5,

6, 14-17

Based on the discussion by Shui et al., flowing emulsions

through microchannels in which the channel is preferentially wetted by the
dispersed phase leads to creation of extra fluid-fluid interfaces, making it
energetically unfavorable and thermodynamically unstable. As shown in Figure
2-5, where an emulsion droplet, of radius r, is flowing inside a cylindrical
microchannel element with radius r and aspect ratio 1, two cases were discussed.
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In Case 1, the continuous phase wets the channel walls preferentially, while in
Case 2, the channel is wet by the dispersed phase. The amount of energy required
for the two cases are:
𝐸𝐶𝑎𝑠𝑒1 = 4𝜋𝑟 2 ∗ 𝛾𝐿1−𝐿2 + 4𝜋𝑟 2 ∗ 𝛾𝐿1−𝑆
𝐸𝐶𝑎𝑠𝑒2 = 4𝜋𝑟 2 ∗ 𝛾𝐿1−𝐿2 + 4𝜋𝑟 2 ∗ 𝛾𝐿1−𝑆 + 4𝜋𝑟 2 ∗ 𝛾𝐿1−𝐿2

(1)

(2)

Where, 𝛾𝑖−𝑗 is the interfacial/surface tension between phases i and j, L1 and L2
are the two fluid phases and S is the material of the channel wall. It is clear that
creation of the extra interface in Case 2 comes with an energy penalty and
therefore it is energetically favorable for the system to invert into Case 1, i.e.
undergo phase inversion.

Figure 2-5 Schematic of droplet inside a cylindrical channel element to show
the presence of extra fluid-fluid interface due to wetting properties of the
channels. (a) Case 1- Continuous phase wets the channel walls. (b) Case 2Dispersed phase wets the channel walls leading to formation of a film of
dispersed phase between the emulsion and the non-wetting channel. Reproduced
with permission from reference 6.
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In order to investigate the effect of channel wettability on PIE, O/W and W/O
emulsions were injected into microfluidic channels of opposite wettability. The
Capillary number during injection was kept small (~ O(10-3)) to operate in the
flow-regime dominated by surface tension effects. Hydrophobic and hydrophilic
wettability was achieved by fabricating the channels using the inherent wetting
properties of PDMS and glass respectively. The results are summarized in Figure
2-6(a-d). For the case of O/W emulsions, flow-induced PIE into W/O emulsions
was only observed when they were flowed through hydrophobic channels and no
phase inversion was observed in hydrophilic channels. Similarly, W/O emulsions
only showed FIPIE inside hydrophilic PICs and not inside hydrophobic PICs. It
can therefore be deduced that phase inversion of emulsions can be induced only in
microchannels that preferentially wet the dispersed phase of the injected
emulsions. If the continuous phase wetted the channels, the two-phase flow is
stable and no phase inversion is observed. This was found to be consistent with
previous observations of flow-induced phase inversion in microchannels where
droplet adherence as well as phase inversion was induced by reversing the wetting
properties of channel walls through localized patterning of surface wettability.6-8
These results demonstrated that an abrupt reversal of channel wetting properties is
necessary in order to induce FIPIE in microchannels.

33

Figure 2-6 Injection of O/W (left column) and W/O (right column)
emulsions into hydrophilic (top row) as well as hydrophobic (bottom
row) microchannels. PDMS is used for the hydrophilic while glass
capillaries are used for the hydrophilic channels. Emulsions are injected
under low Ca (~O(10-3)) conditions. O/W emulsions show no phase
inversion in hydrophilic channels (case (a)), while they phase invert into
W/O emulsions in hydrophobic channels (case (c)). Similarly, W/O
emulsions show no phase inversion in hydrophobic channels (case (d)),
while they phase invert into O/W emulsions in hydrophilic channels
(case (b)). Therefore, wetting between dispersed phase and channel
walls is necessary to induce phase inversion.

2.4.2 Phase inversion in tapered microchannels
Modification of wetting properties of closed microchannels involves additional
and often elaborate steps. The uniformity of coverage, long-term stability and
contrast of wettability achievable with PDMS can be limited.18,

19

In order to

avoid the complexities associated with the surface patterning techniques, PICs
with variable-width geometry were used for FIPIE. PICs were lithographically
fabricated with an upstream region, (Figure 2-7(a)) which was always bigger than
the size of injected emulsion droplets. In this configuration, the droplets were
surrounded by a ‘thick’ layer of continuous phase ‘shielding’ the hydrophobicity
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of channel walls from the oil phase. As a result, no PIE occurred in this part of the
PIC. Downstream from the wide region was a tapered region, where the
continuous phase was sheared into a thin film surrounding the droplets. As the
droplets flowed further downstream into the narrower parts of the PIC, they
became significantly deformed and the film of continuous phase became very
thin. At sufficiently low thicknesses of the continuous phase film, destabilization
and rupture occurred, followed by phase inversion. Therefore, by using tapered
channels the requirement for surface patterning protocols was relaxed. In addition,
this geometry led to the localization of FIPIE in the tapered zone of the PIC,
thereby facilitating in situ observation.

Figure 2-7 (a) Schematic of PDMS phase inversion channel (PIC) showing
the upstream wide part and the downstream tapered part. O/W emulsions
(Blue-aqueous, Yellow-Oil) flowing through the PIC from left to right. (b)
Tapered part of the channel with continuously varying width (W(x)) as
compared to a combinatorial arrangement of many channels of decreasing
widths W1 through W5.
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Typically, flow behavior of emulsions through microchannels is significantly
affected by the size of emulsion droplets relative to the size of channels. In order
to investigate this effect in FIPIE, emulsions of varying droplet sizes would have
to be flowed through numerous channels of varying widths. Alternatively, a
combinatorial arrangement of gradually decreasing channel widths, a.k.a. a
gradually tapering channel could be used (Figure 2-7(b)). This makes the study
of effect of channel width simpler, with fewer experiments required to span a
wide range of channel widths.

Figure 2-8 Optical microscopy images of phase inversion channels with
increasing taper angles. Red curved arrows showing the taper half-angles
(a)2.5o. (b) 7o. (c)9o. (d)20o.
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PICs with the same initial (~250µm) and final (25-40µm) channel widths but
different taper angles ranging from 2.5o to 20o were fabricated as shown in Figure
2-8(a-d). Monodisperse O/W emulsions of increasing droplet sizes were injected
into hydrophobic PDMS channels at low Ca (~O(10-3)). Low Ca was necessary
to ensure that surface tension effects dominate the viscous effects in the system.
The fate of emulsions in these experiments was broadly grouped into two
outcomes – PIE and no PIE, and plotted on a state-diagram as shown in Figure 29. The taper angle, ranging from 2.5o to 20o was plotted on the x-axis of the statediagram, while the y-axis was ratio of the size of droplets in their un-deformed
states to the channel width at the point of PIE, representing the maximum amount
of deformation the droplets can withstand without undergoing phase inversion.
At low taper angles (<5o), a cut-off D/w (1 < D/w < 2) was observed, above
which all O/W emulsions underwent PIE into W/O emulsions. Below the cut-off
D/w, the amount of deformation that the droplets experience while squeezing
through the PIC was low. In such cases, the continuous phase was too ‘thick’ for
the oil droplets to ‘see’ and adhere to the hydrophobic channel walls, which was
necessary for phase inversion. In contrast, as taper angle increased above 6o,
phase inversion was quickly suppressed, even at extremely high D/W.
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Figure 2-9 (a) State-plot generated by observing behavior of O/W emulsions at
low Ca (~O(10-3)), at different taper angles of the phase inversion channels,
ranging from 2.5o to 20o. Filled symbols represent PIE while open symbols
represent no PIE. Likelihood of PIE becomes negligible over a critical taper
angle (4.5-7o). (b) Aspect ratio of droplets in their most deformed state (either
just before rupture, or just before exiting the tapered zone of PIC) plotted for
different taper half-angles. The highest aspect ratio of droplets shows a
decreasing trend with increasing taper angle.

We hypothesized that the sensitivity of PIE on taper angle could be related to the
relative time scales of thinning of the aqueous film around the deformed droplets
to the point of rupture and the residence time of droplets in the deformed state
close to the channel walls. In order to test this hypothesis, we defined a ‘distance
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of first contact’, L as the axial distance of the points where an un-deformed
droplet first touched the walls of the tapered channel, as shown in Figure 2-10(a).
Based on purely geometric arguments L can be related to the different geometric
parameters of the system as,
(𝐷⁄𝑊) cosθ −1
)
2𝑡𝑎𝑛𝜃

𝐿 = 𝑊(

(1)

Where, W is the minimum width of the tapered channel, D is the diameter of an
undeformed droplet, and θ is the taper angle as shown in Figure 2-10(a). At a
constant flow-rate, the local speed of fluid inside the channel would increase
owing to the reducing channel cross-sectional area. At any x-position within the
channel, ‘fluid particle’ was considered flowing at the average speed U(x) of the
fluid, calculated from volumetric flow-rate per unit area of cross-section of the
channel at that point. The time it will take this fluid element to start from the
‘distance of first contact’ until it exits the PIC can be written as,

𝑡𝑅𝐸𝑆 =

𝑊2ℎ
𝑄

𝐷⁄ ) cosθ + 3
𝑊
]
8𝑡𝑎𝑛𝜃

(
((𝐷⁄𝑊 ) cos −1 ) [

(2)

The dependence of the residence time of the droplet as a function of taper-angle,
represented by (2), is shown in Figure 2-10(b). It can be seen that the residence
time falls steeply by two orders of magnitude as the angle of taper is increased
from zero to 20o. We believe that this sudden reduction in time spent by droplets
in the deformed state is the reason for angle-dependence of FIPIE. A more
quantitative comparison between residence and thin-film drainage time scales is
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necessary to obtain a more comprehensive understanding. Interestingly, a
previous study investigating the stability of double emulsions flowing through
tapered nozzles also have shown that there exists a cut-off angle above which the
droplets are not susceptible to rupture.20

Figure 2-10 (a) Schematic showing the position of first contact when the
undeformed droplet first touches the channel walls. (b) Residence time vs.
Taper angle showing a sharp decrease in residence time with increasing angle
of taper
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2.5 Conclusions
Dependence of FIPIE on the wettability and geometric characteristics of the PICs
were investigated. It was demonstrated that in order to destabilize the flow, induce
adhesion of droplets and ultimately PIE, the channel walls of PICs must
preferentially wet the dispersed phase of the injected emulsions. A tapered design
was shown to be effective in inducing FIPIE of O/W emulsions in hydrophobic
PDMS microchannels. The amount of taper was shown to significantly affect the
outcome of FIPIE. Lower taper angles (<5o) show FIPIE for cases where the
droplets are significantly bigger than the minimum channel width. However,
FIPIE was effectively suppressed for taper angles above 6o.
This clarifies the restrictions on the geometry and the wettability of PICs. For all
further investigations of the fundamental mechanism and factors affecting FIPIE,
hydrophobic rectangular PICs in PDMS with low taper angles (<5o) were used.
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Chapter 3 Mechanism and Factors affecting FIPIE
3.1 Abstract
In Chapter 2, the importance of wettability of PICs on FIPIE was investigated. It
was demonstrated that wetting between the channel surface and the dispersed
phase of the precursor emulsions was essential for successful FIPIE. A tapered
design for the phase inversion channels was proposed as an alternative to surface
wettability patterning of PICs. However, the FIPIE process was found to be very
sensitive to the extent of taper. In fact, small taper angles (<5o) were found to be
essential for FIPIE in those channels. In this chapter, the findings of the previous
chapter were utilized to gain a fundamental understanding of FIPIE. O/W
emulsions were passed through slightly (<5o) tapered hydrophobic PICs and their
behavior was monitored in real-time using high-speed imaging. The factors
affecting FIPIE were summarized on a state-diagram in terms of dimensionless
parameters, Capillary number and the ratio of size of droplets to the minimum
channel widths (D/W). Single droplet-level events involved in FIPIE were
visualized and insights into the mechanism of FIPIE were developed. Finally, the
underlying physical phenomena driving the most crucial mechanistic steps of
FIPIE were interpreted based on agreement of experimental data with a scaling
relationship between interfacial stresses.

3.2 Introduction
In this study, answers to fundamental questions, such as: “What are the factors
that affect the outcome of the process?” “What happens at the single droplet –
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level during FIPIE?”, “What is the underlying physical driving force inducing
FIPIE?” were sought. Microfluidics was chosen as a model system to investigate
FIPIE, as it allows a precise control on experimental conditions and use of wellcharacterized precursor emulsions. An added benefit of using a microfluidic
model is that microscopic single droplet-level mechanistic steps can be visualized
using high-speed imaging. Microfluidic phase inversion channels (PICs) were
fabricated based on findings of Chapter 2. Fundamental understanding obtained
through this single droplet-level study can potentially enable continuous PIE by
flowing emulsions through constriction-expansion channels, specially designed
flow mixers or porous materials such as membranes. Continuous PIE will impact
multiple sectors such as the pharmaceutics, petrochemical, agriculture, cosmetic,
printing and food industry that manufacture emulsions as their intermediate/final
products.
It is common practice in process development to start with simplified engineering
models to study complex problems. In this study, microfluidic PICs were used as
micro-scale models to investigate FIPIE. In order to translate the findings from
the model-scale to application scale, it was essential to use dimensionless
parameters as much as possible. Dimensional analysis is a framework for drawing
physical parallels between systems of disparate scales by expressing the system in
terms of dimensionless quantities. The equations resulting from dimensional
analysis were used to derive scaling laws, which dictate the behavior of the model
system, and thus the application system. Isaac Newton was perhaps the first to
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discuss dimensional analysis in his book, Principia II in 1687. In 1914, Edgar
Buckingham introduced the Buckingham-Pi theorem for reducing the dimensional
variables to a smaller number of dimensionless groups. Readers interested in a
more detailed discussion of dimensional analysis are referred elsewhere.1 The
beauty of dimensionless numbers is that they not only reduce the number of
parameters in the system, but they also combine them into groups, which signify
relative importance of competing effects in the system. Therefore, certain insights
into the behavior of the system can be obtained simply from the magnitude of
these quantities even before solving the equations. For example, the Reynolds
number, which signifies the relative magnitudes of inertial and viscous effects in
the system can provide insights into whether the flow is laminar or turbulent. We
therefore, chose dimensionless numbers (Ca & D/W) to investigate the factors
affecting the flow-induced phase inversion of O/W emulsions in microfluidic
PICs. Ca signifies the relative importance of viscous and capillary effects while
D/W signifies the relative sizes of droplet and geometric constraints imposed by
the minimum channel dimensions, both of which are found to directly affect
FIPIE. To enable FIPIE at a large scale using porous membranes or parallel
channels, it is critical that we understand the fundamental mechanism of FIPIE at
the single droplet-level.
In this chapter, PDMS-based tapered phase inversion channels (PICs) were used
to induce phase inversion of O/W emulsions. Oil droplets ranging from 80-250µm
in diameter were injected into PICs of minimum dimensions ranging from 2547

40µm at flow rates between 20-20000µL/h, spanning a wide range of Ca and
D/W. The resulting outcomes were recorded on a state-diagram plotted between
the two dimensionless numbers revealing that low Ca and high D/w were
favorable for FIPIE. in situ high-speed imaging was used to obtain single dropletlevel information about the mechanistic steps involved in FIPIE. A mechanism
was proposed based on the in situ observations. Finally, the experimental
observations were compared with a scaling relationship based on the force
balance between disjoining pressure and Laplace pressure across the oil-water
interface. This comparison provides insights into the underlying physical
phenomena responsible for the occurrence of FIPIE.

3.3 Experimental Section
3.3.1 Generation of O/W precursor emulsions
This study involved two steps: the generation of O/W droplets using hydrophilic
micro-channels followed by FIPIE using a hydrophobic surface. By using two
separate devices, one for each step, the limitations of surface pattering methods
were avoided. Additionally, because both generation of droplets and FIPIE are
sensitive to the local flow-conditions, using two separate devices ensured that
feedback from one process did not disrupt the other process. Glass capillary
droplet generators were used to generate monodisperse O/W emulsions, which we
called ‘precursor’ emulsions. Light mineral oil (Fisher Sci.) was used as the
dispersed phase of the precursor emulsions as it is economically and widely
availability. The continuous phase was a 50:50 solution of glycerol in deionized
48

(DI) water (18.2MΩ cm, purified by Barnstead Nanopure System). Addition of
glycerol slightly lowered the interfacial tension and increased the viscosity of the
continuous phase.2 1% wt. Tween 20 (Polyoxyethylene (20) sorbitan monolaurate,
Sigma) was added to the aqueous phase to stabilize the oil droplets. The HLB of
Tween 20 is 16.7, so it is very efficient in stabilizing O/W emulsions. Methylene
blue was added to the aqueous phase to enhance the contrast between the two
phases. Some of the relevant physical properties of the fluid phases used in the
study are given in Table 3-1.
The glass capillary droplet generators were fabricated according to methods
described elsewhere.3,

4

It was essential that the internal surfaces of the droplet

generators did not preferentially wet the dispersed phase of the emulsion being
generated. Since the surface of glass is inherently hydrophilic, no further
treatment was necessary to fabricate O/W droplet generators. Typical flow rates
of the continuous phase ranged from 750 to 5000 μL/h and of the dispersed phase
ranged from 200 to 1000μL/h. The size of generated emulsions was controlled
(between 80 and 200µm) using the ratio of dispersed and continuous phase flowrates.
Table 3-1 Physical properties of the continuous and dispersed phases of the
precursor emulsions
Phase

Density
(g/ml)

Viscosity
(mPa s)

Continuous (Aq.)

1.2

5-8

Dispersed (Oil)

0.838

16

Interfacial
tension (mN/m)
6
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3.3.2 PIC Design and Fabrication
PICs were designed using Autocad software based on the findings of Chapter 2.
The channel was 250µm wide upstream, and tapered (<5o) to a minimum width of
25-40µm. Different channel widths were used to obtain a wide-range of D/W
values. Channel height, h, was maintained between 1-2 times the size of droplets
in the respective experiments. The PDMS channels were treated with OTS
(octadecyl trichlorosilane, Sigma) after plasma oxidation to ensure that the
surface was hydrophobic before O/W emulsions were flowed through them.
3.3.3 in situ observation and analysis
The fate of O/W emulsions in the PICs was observed in situ in real time using an
inverted microscope (Nikon Diaphot 2000) equipped with a high-speed camera
(Phantom v7.1). Depending upon the flow-rates of reinjection, frame rates
ranging from 100 – 8000 frames per second were used to record the behavior of
droplets. These images were then saved as 8-bit grayscale TIFF (tagged image file
format) image stacks and analyzed using an open source software package,
imageJ. The speed of the droplet was calculated from the distance travelled by the
droplet in the last 100 frames before phase inversion occurred in the tapered part
of the PICs. Although the speed of the droplet was expected to increase as it
reached the apex of the tapered PIC due to the continuously decreasing channel
cross-section, the average value in the final 100 frames was used as an estimate to
calculate the Ca. It was assumed that the speed of the droplet in the final stages of
FIPIE was most crucial in affecting its fate. The width of the channel at the point
at which droplet undergoes FIPIE was used in the calculation of a dimensionless
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droplet deformation parameter (D/W) which was found to be significant in
determining the fate of the droplets. For droplets, which do not undergo FIPIE,
the minimum channel width was used in the calculation. D/W can be seen as the
maximum deformation that the droplets can sustain before they undergo FIPIE.
The fate of the droplets was recorded for roughly 30 successive droplets for each
Ca, and repeated in three different PICs to minimize the effects of irregularities in
individual channels such as non-homogeneous functionalization, presence of
surface impurities or asperities which can act as nucleation points for FIPIE.

3.4 Results and Discussion
3.4.1

State diagram of FIPIE in tapered channels

The tendency of emulsions to undergo FIPIE was found to critically depend on
the droplet size and the flow rate of the emulsion phase. The PIE behavior of
emulsions was summarized as a function of two dimensionless parameters: the
relative size of droplets to channel width (Ddroplet/Wchannel or simply D/W) and
Capillary number (Ca=µU/γ, where µ is the viscosity of continuous phase, U is
the local speed of droplets and γ is the interfacial tension between the oil and
aqueous phases). D/W can be understood as a measure of the amount of
deformation the droplets were subjected to, in order to squeeze through the PICs.
The range of D/W was kept between 1-10, so droplets were maintained to be
larger than the minimum dimension of the PICs in all cases. Ca represents the
relative magnitude of surface tension to viscous forces in the system, so viscous
effects dominate the system behavior when Ca is high and vice versa. In the state51

diagram shown in Figure 3-1, large numbers of PIE responses were organized in
terms of these two dimensionless parameters. The PIE responses were categorized
into two main types: PIE and no PIE. Figure 3-1(a) shows a micrograph of the
PIE case, where the O/W emulsions undergo phase inversion into W/O emulsions.
The No PIE case is shown in Figure 3-1(b).

Figure 3-1 State plot between Ca vs. D/W showing two categories of process
outcomes. Green squares represent phase inversion events (PIE). One such
PIE event is shown in inset (i). Red triangles represent no Phase inversion (No
PIE). This can either lead to no change in emulsion phase (inset(ii)) or can
lead to formation of O/W/O multiple emulsions (inset(iii)). Dashed curve
(a.k.a. ‘separation curve’) is drawn to visually segregate the PIE and no PIE
points except for a few outliers.
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A third case of ‘partial’ or ‘incomplete’ FIPIE, which we considered as no PIE in
the state diagram, was sometimes observed as shown in Figure 3-1(c). These
somewhat anomalous points were found to lie close to the area between the PIE
and no PIE regions on the state-diagram. This indicated that the conditions
responsible for their occurrence were intermediate between PIE and no PIE.
Interestingly, many previous studies have reported the formation of multiple
emulsions as ‘intermediates’ during phase inversion processes.5, 6 Therefore, the
occurrence of partial FIPIE in the region between PIE and no PIE was consistent
with the formation of multiple emulsions as intermediate products observed in
numerous prior studies on PIE.
The dotted curve shown in Figure 3-1 was drawn qualitatively to separate the
state-space into two distinct regions of opposite FIPIE behavior. The shape of this
curve is expected to carry critical information about the process because the
critical values of Ca and D/W at which system behavior changes from PIE to no
PIE lie on this curve. Looking at the state-diagram, it can be inferred that for
every value of D/W, there exists a critical Ca. FIPIE occurred only if the system
Ca was below this critical threshold. Therefore, the dotted curve essentially
represents the critical Ca for every D/W.
Incomplete FIPIE occurred when a small fraction of oil droplets avoided FIPIE
and remained engulfed by the aqueous phase leading to the formation of O/W/O
double emulsions. The exact reason behind such inconsistent droplet behavior
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remains unknown and further investigation into the precise hydrodynamic
conditions responsible for this behavior is necessary. However, it is worth noting
that polydispersity of precursor emulsions can force the formation of multiple
emulsions. This can be understood with the help of a hypothetical example. Let us
assume that the precursor emulsions are polydisperse with a normal distribution
of droplet sizes. As is evident from the dashed curve demarcating the PIE and no
PIE points on the state-diagram in Figure 3-1, there exists a critical deformation
(D/W) necessary for FIPIE to occur. Therefore, for the polydisperse precursor
emulsions, the droplets, which imposed a D/W higher than this critical threshold,
would undergo FIPIE while those smaller than the threshold would remain
engulfed and form O/W/O double or multiple emulsions. One such case is shown
in Figure 3-2(a-c) where polydisperse precursor emulsions flowing through PICs
result in O/W/O double emulsions based on the same principle.
The droplets used in the study were expected to have very low polydispersity.
This minimal spread in the size distribution could have led to the same effect
described above. As a result, image analysis was used to estimate the size
difference between successive droplets exhibiting the two different behaviors, i.e.
PIE or double emulsion formation. However, the size difference between droplets
showing opposite behavior was found to be insignificant (~ 0.12 %). Additionally,
a clear trend could not be established between the sizes of droplets and their
behavior. So, a decrease in size was not always correlated with O/W/O formation.
Based on observation of thousands of droplets, it was apparent that the fate of a
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droplet approaching the ‘rupture point’ was contingent on the conditions
downstream from it. It was therefore concluded that the local hydrodynamics
could have been responsible for this interesting phenomenon.

Figure 3-2 Time-resolved images of a pair of oil droplets (droplet A in the
front and a smaller droplet B in the back) showing O/W/O formation due to
polydispersity of precursor emulsions. (a) t=0 ms, A and B are intact in the
tapered part of PIC. (b) t=50ms, droplet A has undergone FIPIE. Arrow
indicates the part of aqueous phase which was initially surrounding A, and is
now an independent water droplet. (c) t=200ms, B escapes FIPIE and results in
O/W/O double emulsions White arrow shows the oil droplet B engulfed in
aqueous phase
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On the state diagram in Figure 3-1, the accumulation of PIE points in the lower
right region of the parametric space indicated that high D/W and low Ca were
favorable conditions for PIE. This means that bigger droplets, which had to
undergo higher deformations, were more prone to FIPIE than smaller droplets.
Inside the tapered part of the PICs, droplets were arranged in a single train with
each droplet getting progressively more deformed as they flowed downstream.
The continuous phase surrounding these droplets was reduced into a thin film, and
the rupture of these films was the trigger for FIPIE. In the low D/W range (1 <
D/W < 2), smaller droplets were expected to form thicker aqueous films, making
them less vulnerable to rupture. In contrast, when D/W > 2, the droplets deformed
significantly and the aqueous films around them were very thin, enhancing the
probability of FIPIE. As a result, there was a critical value of Ca, above which
FIPIE was observed. The accumulation of PIE events in the low Ca suggested that
surface tension effects with minimal viscous effects dominated the process.
Additionally, Ca of two-phase flow is expected to affect the thickness of the
continuous phase film surrounding the droplet phase.7-9 Lower Ca leads to thinner
films, which are more susceptible to rupture. As a result, it makes sense that lower
Ca favors FIPIE.
3.4.2

Understanding the mechanism of FIPIE by in situ real-time
observation

High-speed imaging was used to observe droplets undergoing FIPIE at high frame
rates (up to 8000 frames per second), which enabled the visualization of droplet56

level events and intermediate morphologies during phase inversion, with high
spatial and temporal resolution Time-resolved optical micrographs showing
individual steps of a series of droplets undergoing FIPIE are shown in Figure 33(a-f). At t = 0ms, a droplet flowed into the tapered region of the PIC. The oilwater interface was concave towards the oil phase, as indicated by the dashed
curve in Figure 3-3(a). As the droplet moved further downstream in the channel,
the thinning aqueous film developed a hole (red arrow in Figure 3-3(b)) and
ruptured. Once the hole was formed, interfacial tension in the aqueous film caused
its rapid retraction, which can be seen due to a slight difference in contrast as
shown in Figure 3-3(c-d). After the rupture of the aqueous film, oil from within
the droplet filled the channel and wetted the hydrophobic channel surface.
Consequently, oil became the continuous phase in this region (Figure 3-3(e-f)).
The aqueous phase downstream from this oil phase then relaxed into an isolated
water droplet. In some instances, larger aqueous droplets were observed to break
into daughter droplets, likely due to Rayleigh-Plateau instability similar to the
break-up of an elongated liquid jet into droplets. The rapidly retracting aqueous
film also broke into smaller secondary water droplets due to the pinning of the
film at random spots on the channel surface. These primary and secondary water
droplets became the dispersed phase of the phase inverted W/O emulsions. In
Figure 3-3(f), the red curves show the final curvature of the interface, which
turned concave towards the aqueous phase. This inversion in the sign of
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interfacial curvature is a hallmark of PIE and indicated the completion of phase
inversion.

Figure 3-3 (a) t=0ms, oil droplet flows into the tapered part of PIC. Red dashed
curve shows that the initial curvature of O/W interface is concave towards the
oil (droplet) phase. (b) t=2ms, The intercalating aqueous film surrounding the
oil droplet ruptures by hole formation. Red arrow indicates the position of
origin of the hole. (c) t=6ms, Hole enlarges and aqueous film retracts due to
interfacial tension. Contrast difference clarifies the position of the film and
film border showing how much retraction has occurred. (d) t=8ms, red dashed
curve is shown to mark the outline of the retracting film (e) t=38ms, retraction
results in the formation of secondary water droplets from the film-fluid.. (f) t138ms, O-W interface relaxes to minimize energy. Final curvature of the
interface is concave towards aqueous phase as evidence for completion of
phase inversion (g) Optical micrograph of PIC with fluorescently labeled oil
phase showing the presence of thin ‘lubrication’ film of oil along the walls of
the hydrophobic PIC walls.
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Although it was plausible that the FIPIE we observed was driven by the tendency
of oil droplets to wet the hydrophobic channel surface by breaking the thin
aqueous films between the droplet and the surface, close examination of the FIPIE
revealed an important detail that was not evident. When a fluorescence dye was
added to the dispersed oil phase of the original O/W emulsion, a thin layer of oil
phase was observed on the channel surface throughout the entire FIPIE process
(Figure 3-3(g)). In other words, the extremely thin aqueous films that ruptured to
induce PIE were sandwiched between oil droplets and an oil layer wetting the
channel surface. The existence of the oil next to the channel surface was believed
to be due to the hydrophobic nature of the PDMS channel.
Based on the information obtained from in situ observation of FIPIE, a
mechanism was proposed, which is schematically illustrated in Figure 3-4(a-d).
As an oil droplet entered the tapered PIC, the aqueous phase was squeezed into a
thin film due to confinement. This thin aqueous film (in blue) was sandwiched
between the oil droplet (Oil-1) and the residual oil film wetting the channel
surface (Figure 3-4(b(i))). As the droplet moved further downstream, the aqueous
film progressively became thinner and more susceptible to destabilization.
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Figure 3-4 (a) Schematic illustration of a typical phase inversion event. (b(i))
Thin aqueous film trapped between oil inside the droplet and the oil from the
lubrication layer. (b(ii)) Long-range hydrophobic interactions create
perturbations in the aqueous film leading to instability. (b(iii)) Creation of a
hole in the aqueous film followed by surface tension-driven quick retraction
(c) Retraction of aqueous film shown by arrows. Contrast of the aqueous film
shows the location of the retraction front. (d) After complete retraction and
relaxation of the interfaces, W/O emulsions exit the PIC. Oil #1 is now part of
the continuous phase and the process repeats with Oil droplet #2.

At some point, a critical film thickness is reached, at which point, random
instabilities oscillated the two oil-water interfaces on top and bottom of the
aqueous film. As a result of these instabilities, the two oil-water interfaces
approached each other closely enough for attractive van der Waals interactions to
become significant (Figure 3-4(b(ii))) and cause rupture of the film (Figure 360

4(b(iii))). Following the rupture, interfacial tension caused retraction of the
aqueous film (Figure 3-4(c))), which led to the separation of the aqueous phase
and formation of water droplets suspended in oil. It therefore becomes clear that
the rupture of the aqueous film between the two oil phases is the most important
step in FIPIE.
3.4.3

Critical Ca for FIPIE

Hydrodynamics as well as capillary and intermolecular interactions likely played
important roles in inducing the rupture of thin aqueous films, which triggered
FIPIE. In a previous study on the adhesion of slow-moving (low Ca) oil droplets
within microchannel with hydrophobic surfaces, it was proposed that long-range
hydrophobic forces introduce perturbations in the O/W interface.10 In the low Ca
regime, when the aqueous film between oil droplets and the hydrophobic surface
is thin.11 These perturbations can destabilize the aqueous films due to imbalance
between the Laplace and disjoining pressures. Adhesion, and thereby phase
inversion, occurred in case the disjoining pressure exceeds the Laplace pressure.
A relationship between Cacrit and D/W in such a case was described using:

𝐴

3
8

3

𝐷 4

𝐶𝑎𝑐 = 𝑘 (𝛾𝑊 2 ) (𝑊)

(1)

where, Cac is the critical Ca above which film rupture does not occur, k is a
constant obtained by curve-fitting, A is the Hamaker constant, γ is the interfacial
tension between the two fluid phases, and D and W are the sizes of droplet and
channel, respectively. We hypothesized that the driving force behind the rupture
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of the aqueous film in our case was analogous; that is, an imbalance between the
disjoining pressure of the aqueous film between the oil layer on the channel
surface and the oil droplets and the Laplace pressure of the curved interface led to
the film rupture and subsequent phase inversion.

Figure 3-5 A best-fit line, representing the line separating PIE and no PIE
regions, is drawn on the Ca*W3/4 vs. D/w plot. The slope (0.74) of the best-fit
line closely matches the expected value (0.75) from the scaling arguments in
Eq. 2.
To verify the hypothesis, the above relationship was reduced to
𝐷 3/4

𝑊 3/8 ∗ 𝐶𝑎𝑐 ~ Λ (𝑊)
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(2)

where, Λ is the pre-factor independent of W. A linear relationship between
W3/8*Cacrit and D/W was expected on a log-log plot with a slope of 3/4. When the
experimental data from high D/W (D/W > 2) range of the original phase diagram
were re-plotted (Figure 3-5), the slope of the line that separates the two regimes
is 0.74, as predicted by the scaling relationship. Additionally, the interfacial
tension calculated from the intercept of the best-fit line (O(10-3) N/m) was in the
same order of magnitude as the interfacial tension between the oil and water
phases in our experimental system (~ 6 mN/m). These results supported our
hypothesis that the rupture of the aqueous film that led to FIPIE in tapered
channels depend critically on the imbalance between the Laplace and disjoining
pressures across the oil-water interface.
3.5 Conclusions
Flow-induced phase inversion of O/W emulsions was demonstrated using tapered
hydrophobic phase inversion channels. Rupture of a thin aqueous film
sandwiched between oil droplets and a residual oil film on the channel surface
was the key step for the occurrence of FIPIE. The occurrence of rupture of this
thin-film was affected by the Capillary number of the flow as well as the amount
of deformation the droplets undergo in the PICs. Understanding obtained based on
the single droplet-level study of FIPIE can potentially enable scaling up of FIPIE
as a continuous PIE process in numerous settings that currently employ batch or
semi-batch PIE processes.
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Chapter 4 Effect of molecular weight and composition of
amphiphilic block copolymers on FIPIE
4.1 Abstract
In this chapter, the effects of the nature and composition of surfactants on FIPIE was
investigated. Amphiphilic block copolymers of PEO-PPO-PEO, commercially available
as Pluronics, were used to stabilize the precursor O/W emulsions. D/W was maintained at
~5 and Ca was increased for each surfactant system until the behavior changed from
complete FIPIE to no FIPIE. This was quantified in terms of an average rupture
frequency (RF) plotted as a function of Ca. The range of Ca at which RF changes from 1
to 0 indicated the relative stability of different surfactant systems. It was found that the
stability against FIPIE was higher for copolymer-stabilized emulsions than those
stabilized by molecular Tween 20 surfactants. This trend in stability was found to be
uncorrelated with interfacial tensions of the respective surfactant solutions. The
composition of copolymers were varied by systematically changing the relative lengths of
PEO (NPEO) and PPO (NPPO) chains, as well as changing the overall MW of the polymers.
It was found that at the same NPPO, longer PEO chains provided greater stability against
FIPIE. Also, at constant NPEO/NPPO, higher MW of copolymers was correlated with
greater stability. The molecular composition of Pluronic copolymers therefore played an
important role in stabilizing emulsions and changing their susceptibility to FIPIE.

4.2 Introduction
In the previous chapters the surfactant/oil/water (S/O/W) system was kept constant and
different aspects of FIPIE, such as wettability and geometry of PICs and dynamic
properties of emulsions flowing through them were investigated. Fundamental questions
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about the mechanism of the process and factors affecting it were addressed. It was found
that FIPIE preferentially occurs under low Ca conditions, where interfacial tension
effects are more significant than viscous effects. The nature and composition of surfaceactive agents or macromolecules are therefore, expected to have significant impacts on
FIPIE.
In this chapter, surface-active polymers, a.k.a. polymeric surfactants have been used to
stabilize the precursor emulsions. Polymeric surfactants adsorb to interfaces very strongly
due to their high adsorption energies1,

2

and provide steric stabilization against

coalescence.3 Block copolymers (BCPs) are essential materials for preparation of many
emulsion systems e.g. agrochemicals, pharmaceuticals and personal care products. The
surface activity of block copolymers is usually because of the contrasting features of
different blocks. One popular category of BCPs is the ‘ABA’ type tri-block copolymers
of (poly(ethylene oxide)) – poly(propylene oxide) – (poly(ethylene oxide)) (PEO-PPOPEO), commercially available as Poloxamers (manufactured by ICI) or Pluronics
(manufactured by BASF). Pluronics have been known to stabilize emulsions by
increasing steric repulsion between approaching interfaces to prevent coalescence and
flocculation.4-6 The molecular structure of Tween 20 and a general structure of Pluronic
block copolymers is shown in Figure 4-1(a,b).
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Figure 4-1 (a) Molecular structure of Tween 20 and (b) General structure of
PEO-PPO-PEO block copolymers a.k.a. Pluronics with block lengths a
(PEO) and b(PPO). By varying a,b the properties of Pluronics can be
significantly changed. Images reproduced from wikipedia.org
Pluronics are available in a wide range of molecular weights (MWs) and PEO/PPO
composition ratios, represented on a so-called “Pluronic Grid” shown in Figure 4-2.7 The
x-axis of the grid shows the percentage of PEO in the total molecular weight of the
polymer. It is therefore a measure of the hydrophilicity of the polymer, which increases in
increasing x-direction. The y-axis is the absolute molecular weight of PPO block of the
polymer and therefore is a measure of the hydrophobicity of the polymer. In fact, upon
moving along the x-axis at constant y, the hydrophilicity as well as the molecular weight
of the polymer increases, while only the molecular weight increases upon moving in the
positive y-direction. Based on this understanding of the Pluronic grid, seven different
polymers were chosen. The properties of the six Pluronic surfactants used in this study
are enlisted in Table 4-1.
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Figure 4-2 “Pluronic Grid” showing the wide-variety of commercially
available Pluronic surfactants. The PEO% are plotted on the x-axis in
increments of 10% and the MW of PPO blocks are plotted on the y-axis. The
Pluronics used in this study (Series 1-F108, F98, F68, Series 2-P104, P84, L64)
are highlighted with bold circles on the grid. Reproduced with permission from
reference 7

The nomenclature of Pluronic surfactants is systematic and provides a convenient
approach to estimate the characteristics of the block copolymers in the absence of
reference literature. The name of the Pluronics includes a letter – ‘F’, ‘P’ or ‘L’ followed
by a two- or three-digit numeric code. The letter signifies the physical state of the
commercially available polymer, so ‘F’ is solid, ‘P’ is paste and ‘L’ is liquid. The
numeric code provides information about the two blocks of the polymer. The last digit of
the code approximates the weight content of PEO block in tens of weight percent. The
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other digit(s) encode the molecular mass of the central PO block. The approximate
molecular mass of the PPO block can be obtained by multiplying the first (or first two in
case the numeric code is a 3-digit number) digits of the numeric code by 300. For
example, the code ‘P104’ defines the block copolymer, which is a paste, has a PPO block
of 3000 g/mol (10x300) and 40% wt. of PEO.

Table 4-1 Physical properties of the PEO-PPO-PEO block copolymers used as
surfactants in this study. Values of HLB have been compiled from BASF. CMC
values are gathered from reference 6.
Polymer

Mol.Wt.
(g/mol)

#
PEO
units

#
PPO
units

PEO/PPO

CMC
(mM)

Concentration
Used (mM)

P104

5,900

27x2

61

0.885

0.508

50

P84

4,200

19x2

43

0.884

6.19

60

L64

2,600

12x2

30

0.80

5.17

50

F108

14,600

133x2

50

5.32

3.08

30

F98

13,500

118x2

45

5.24

4.12

40

F68

8,400

77x2

29

5.31

8.33

80

4.3 Experimental Details
4.3.1 Choice of Pluronic surfactants
In order to investigate the effect of composition and molecular weight of surfactants on
the stability of O/W emulsions, a set of Pluronic copolymers were selected to have a
variety of NPEO to NPPO ratios in terms of the ratio, where NPEO is the number of PEO
groups in the PEO block and NPPO is the same for the PPO block. Analogous to molecular
surfactants, the NPEO/NPPO can be thought of as a measure of the HLB of the surfactants.
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As previously explained, the Pluronic grid is a convenient tool to choose the copolymers
suitable for this study based on hydrophilicity and/or molecular weight. In order to
investigate the effect of molecular weight, two series of polymers with different
NPEO/NPPO were chosen: Series 1 (F108, F98, F68) and Series 2 (P104, P84, L64). The
properties of the chosen copolymers are given in Table 4-1. Comparison between pairs of
copolymers of Series 1 and 2, which have the same NPPO but different NPEO can be used to
study the effects of NPEO/NPPO on FIPIE. The pairs considered in this study were (P104
vs. F108) and (L64 vs. F68).
4.3.2 Concentrations of surfactants
The stabilizing performance of the Pluronic surfactants is controlled by their
conformation at the interface, which is in turn influenced by their bulk concentration,
composition and molecular weight. Since Pluronics are amphiphilic, they assemble into
microstructures or aggregates of different morphologies at higher bulk concentrations,
similar to low MW surfactants. The driving force for such aggregation is attributed to the
hydrophobic interactions of the PPO blocks. Hence, the CMC values of Pluronics are
dependent on the relative sizes of PEO and PPO blocks.8-10
Polymeric surfactants reach steady-state interfacial tension (IFT) relatively slowly as
compared to molecular surfactants because of slow conformational changes that take
place in a densely packed surface layer.2 It is known that higher concentrations of
Pluronics lead to attainment of steady IFT faster than lower concentrations. 11 The
concentrations of Pluronics used in this study were therefore 10 times higher than the
respective CMCs.
4.3.3 Pendant drop tensiometry
The interfacial tension between light mineral oil and different Pluronic solutions were
measured by Pendant drop tensiometry using an automated optical tensiometer (Attension
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Theta). A drop of the aqueous polymer solution of concentrations shown in Table 4-1,
was suspended in the continuous phase of oil. The curvature of the droplet, shaped by the
interfacial tension and density difference between the two fluids, was captured and
translated into real-time interfacial tension values. Because of the slow kinetics of the
adsorption of copolymers, the pendant drops were allowed to equilibrate for 1 hour
before the interfacial tension values were read-out. It was found that the IFT curves were
reasonably flat at the end of 1 hour for all the surfactants. Additionally, this delay also
matches the approximate time available to the polymers in the FIPIE experiments
between generation of droplets and FIPIE experiments.
4.3.4 Generation of precursor emulsions
O/W precursor emulsions were generated using the glass capillary droplet generators
based on the design described in the previous chapters. The same device was used for
generation of emulsions for each surfactant system. Therefore, precautions were taken to
minimize cross-contamination of the surfactants from one emulsion system to another. It
has been established that Pluronics adsorb to the surface of glass12, under conditions
where the surface of glass is protonated (Si-OH), i.e under slightly acidic conditions
(pH~3).13-15 This adsorption is believed to depend on the formation of hydrogen bonds
between the hydroxyl groups on glass and the hydrophilic PEO groups of the
copolymer.16, 17 PPO chains do not form the same hydrogen bonds with the glass surface
despite the presence of electronegative oxygen on the backbone due to the steric
hindrance from the methyl groups.18 Increasing the pH of the aqueous solution used for
washing the device was used to deprotonate the glass surface, disrupting the hydrogen
bonds and desorbing the copolymers. A slightly basic aqueous solution (pH~10 using
NaOH) was used to flush the device before and after each operation to ensure the
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channels were clean for every experiment. A copious amount of deionized water was then
used to flush out the basic solution.
As expected, the relative flow-rates of the continuous and dispersed fluids can be varied
to change the size of O/W emulsions. In one such experiment with Pluronic F68,
Qcontinuous / Qdispsersed was varied from 0.8 to 5 to obtain droplets ranging from ~190µm to
140µm as shown in Figure 4-3. Care was taken to generate all emulsions in the D/W ~ 5
range based on the predictions from Chapter 3 to ensure that FIPIE is only dependent on
the Ca of re-injection.

Figure 4-3 Droplet size vs. Qcontinuous/Qdispersed for Pluronic F68 solution at 10
times CMC concentration.
4.3.5 in situ observation and calculation of rupture frequency
The same collection and reinjection methods described in the previous chapters were
used in this study. The PIC minimum width was kept fixed at 40µm for all experiments
and the droplet sizes for each surfactant system was also fixed at ~200µm to make sure
that each system was close to D/W~5. Initially the emulsions were re-injected under low
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Ca conditions where FIPIE occurred consistently. Changing the volumetric flow-rate of
reinjection of the emulsions gradually increased the Ca, until FIPIE stopped occurring.
After changing the flow-rate, care was taken to let it take effect in the PICs. This process
was found to take roughly 2-3 minutes based on the comparison between the measured
speeds of droplets using the high-speed images and the calculated average speed using
the known volumetric flow-rates. After the requisite wait time, the behavior of 30
successive droplets was monitored at each flow-rate. Between the lowest and highest
flow-rates, FIPIE was found to be probabilistic, with only a fraction of droplets
undergoing the ‘film rupture’ necessary for FIPIE. A rupture frequency (RF) was
calculated as,
# 𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 𝑢𝑛𝑑𝑒𝑟𝑔𝑜𝑖𝑛𝑔 𝑓𝑖𝑙𝑚 𝑟𝑢𝑝𝑡𝑢𝑟𝑒
)∗
𝑇𝑜𝑡𝑎𝑙 # 𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 (=30)

𝑅𝐹 = (

100

(1)

The variation of this RF with Ca was compared for the different Pluronic surfactants. For
each surfactant, RF calculation was done under identical conditions in three separate
channels, and the average RF was used for comparisons. The variation of RF vs. Ca for
different surfactant MWs and NPEO/NPPO was expected to shed light on the difference in
stability of the aqueous film and therefore the likelihood of FIPIE for different Pluronic
surfactants.

4.4 Results & Discussion
4.4.1 Interfacial tensions of Pluronic surfactants
Interfacial tensions (IFTs) of the aqueous solutions of Pluronic copolymers with light
mineral oil were recorded as a function of time in Figure 4-4. The IFTs were monitored
for 1 hour after forming the pendant drop, in order to allow the system to approach
steady-state. Due to the high bulk concentrations used in this study, steady-state was
expected to reach at much shorter time-scales (~O(hours)) as indicated by relatively flat
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IFT curves at the end of 1 hour. Pluronics with higher MW were found to give lower
IFTs because larger Pluronics cover greater surface area at the same concentrations.
Additionally, poly(propylene oxide) (PPO) is known to be more surface active than
poly(ethylene oxide) (PEO). Thus, longer PPO blocks are expected to reduce the IFT
more effectively.19 So, the trends of IFT observed in this study were consistent with
previous results.
The dotted line in Figure 4-4 represents the equilibrium interfacial tension of 1% wt.
Tween 20, which was found to be intermediate between the Series 1 (NPEO/NPPO~5) and
Series 2 (NPEO/NPPO~0.8) Pluronics. If the stability of O/W emulsions in FIPIE was solely
determined by reduction in interfacial tension, the expected trend in emulsion stability
would be – Series 2 Pluronics < Tween 20 < Series 1 Pluronics.
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Figure 4-4 Interfacial tension of Pluronic surfactants as a function of time.
Concentrations of each Pluronic is ~10 times their respective CMCs obtained
from literature. Interfacial tension at the end of 1 hour is used as the
‘equilibrium’ interfacial tension because of high concentration. For
comparison, the dotted line shows the interfacial tension between light mineral
oil and 1% wt. Tween 20 molecular surfactant used in previous chapters.
4.4.2 Comparison between Pluronics and Tween 20
It was shown in Chapter 3 that as the Ca was reduced below a threshold (a.k.a. Cacrit),
O/W emulsions began to invert into W/O. This idea can be used to compare the stability
provided by different surfactants, or the so-called ‘surfactant performance’. More stable
emulsions should be less likely to experience phase inversion, so they can sustain lower
Cacrit without crossing-over to FIPIE. As RF decreases from 1 to 0, the Capillary number
should, in principle, pass through Cacrit. Therefore, the range of Capillary number values
in which RF goes from 1 to 0 is directly correlated with emulsion stability and surfactant
performance.
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The average RF for emulsions stabilized with Tween 20 and Pluronic F108 are plotted as
a function of Ca in Figure 4-5(a). For both the surfactants, RF was found to decrease
from 1 to 0, with increasing Ca. This is consistent with the understanding of FIPIE
developed in Chapter 3. At higher Ca the system behavior is dominated by viscous
effects, which retard the drainage of the aqueous film. As a result, the continuous phase
film is less likely to undergo rupture. While the relationship shown between rupture
frequency and capillary number is roughly similar for both surfactants, there was a
difference of almost two orders of magnitude in the surfactant performance; the F108
critical Ca is between 10-5-10-3, while the Tween 20 critical Ca is between 10-3-10-1.This
significant increase in the stability of O/W emulsions afforded by Pluronic F108 could be
due to the strong attachment of the copolymers to the interface and a significantly lower
IFT (Figure 4-4). It is also possible that greater steric repulsion between the polymercoated interfaces of the aqueous films caused the Pluronic-stabilized films to be more
resistant to rupture. Figure 4-5(b) shows the comparison of RF for Pluronics P104 and
P84 with that of Tween 20. The IFTs of both Pluronic P104 and P84 solutions were
found to be slightly higher than that of Tween 20. Interestingly, the surfactant
performance was still higher for the copolymers despite a higher IFT. Therefore, the
ability of surfactants to reduce IFT is not the primary criterion for the overall stability
against FIPIE.
Block copolymers have been shown to be effective emulsion stabilizers because of their
ability to form strong interfacial films.20 The thinning of the liquid film between
coalescing droplets slows down due to the viscoelasticity of these surfactant films.21-24
The viscoelastic properties of interfacial films of Pluronic copolymers are expected to
depend on their composition, more specifically on NPEO, NPPO and MW. Therefore the
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variation of surfactant performance of Pluronic copolymers with NPEO,NPPO and MW
could provide insights into factors that play a more central role in stabilizing emulsions.
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Figure 4-5 (a) Comparison of RF for O/W emulsions using Pluronic F108 and
Tween20, as a function of Ca, at D/W ~ 5. (b) Comparison of RF for Pluronics
which result in similar interfacial tensions as the Tween 20 surfactant showing
extra stability due to Pluronic surfactant despite greater reduction in interfacial
tension by Tween 20.
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4.4.3 Variation of MW at constant NPEO/NPPO
Two surfactant series, Series 1 (NPEO/NPPO~5) and Series 2 (NPEO/NPPO~0.8) were
considered. Consistent with expectations, the RF was found to decrease with increasing
Ca for every surfactant system. The comparison within Series 1, with increasing MW in
the order Pluronic F68<F98<F108, is shown in Figure 4-6(a).

The surfactant

performance was found to improve with increasing MW of the copolymers. Similarly, for
Series 2, with increasing MW (L64<P84<P104), an increase in surfactant performance
was observed. It was therefore deduced that emulsions stabilized with higher MW
copolymers were more resistant to film rupture as well as FIPIE. With increasing MW of
Pluronic copolymers at constant NPEO/NPPO, both the PEO and PPO blocks increase in
size. A previous study reported that copolymers with greater NPPO are generally better
emulsifiers than those with lower NPPO, which is consistent with the observations of this
study.25 Additionally, higher NPEO has been correlated with thicker interfacial films and
consequently higher viscoelastic modulus of interfacial films.26-28
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Figure 4-6 Comparison of rupture frequency of O/W emulsions in PICs as a
function of Ca, at D/W ~ 5. Lower rupture frequency signifies emulsions are
less susceptible to FIPIE. Three Pluronic surfactants of constant PPO/PEO and
increasing MW in the order (a) Series 1: F68<F98<F108. (b) Series 2:
L64<P84<P104
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Figure 4-7 (a) Comparison of rupture frequency (Lower = more stable) of
O/W emulsions in PICs as a function of Ca, at D/W ~ 5 for pairs of Pluronic
surfactants with same PPO chain length (NPPO) but increasing PEO chain
lengths (NPEO) i.e. increasing PEO/PPO in the order (a) L64<F68, (b)
P104<F108
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4.4.4 Effect of NPEO at constant NPPO
To isolate the effect of NPEO, which was suspected to be the reason behind greater
stability of Pluronic surfactants, the surfactant performance of two pairs of Pluronic
surfactants were compared, Pair 1 – P104 and F108 and Pair 2 – L64 and F68. The results
are shown in Figure 4-7(a,b). Both F68 and L64 have similar NPPO (29 or 30), however
NPEO is higher for F68 (=77x2) than for L64 (=12x2). Therefore, with the same
hydrophobic backbone, F68 has a longer hydrophilic tail dangling in the aqueous film. As
can be seen from the RF vs. Ca for Pair 1 (Figure 4-7(a)) F68 was more effective in
stabilizing the emulsions than L64. Similarly, for Pair 2 (Figure 4-7(b)), higher NPEO was
resulted in greater stability.
From these studies, it can be concluded that longer PEO-brushes impart higher stability to
the aqueous films and in turn to O/W emulsions against FIPIE. This could be due to
higher viscoelastic modulus of interfacial films formed by Pluronic surfactants with
longer PEO-brushes as reported elsewhere.29-31

4.5 Conclusions
Rupture of the aqueous film inside the PICs, which was shown to be the most important
step of FIPIE in Chapter 3, was affected by the nature and composition of surface-active
agents. O/W emulsions were generated with different amphiphilic block copolymers of
PEO-PPO-PEO. The stability of emulsions and the performance of the surfactant in
stabilizing the emulsions were quantified in terms of an average rupture frequency of
emulsions as a function of Ca. It was shown that with increasing length of PEO block of
the copolymer, the emulsions were more resistant to FIPIE.
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Chapter 5 Summary & Outlook
5.1 Summary of the thesis
Phase inversion emulsification (PIE) is a low-energy alternative to conventional
emulsification techniques and is therefore used in numerous industrial
applications. Most, if not all PIE processes in industry rely on batch processing
techniques. Continuous processes offer numerous advantages over batch
processes, such as shorter processing times, higher production rates, more
efficient utilization of space and resources and shorter shutdown times. As a
result, employing continuous processing can be profitable in the long run. Flowinduced PIE (FIPIE) can potentially enable continuous PIE in industries currently
relying solely on batch PIE processes. The goal of this thesis was to develop a
fundamental understanding of FIPIE crucial for a viable large-scale application.
FIPIE involves flowing precursor emulsions through precisely designed channels
and pore arrays to induce phase inversion. The occurrence of phase inversion was
expected to depend on the nature of precursor emulsions (size, size distribution,
emulsifiers), the characteristics of the channels (geometry, wetting properties) and
the dynamic flow conditions (flow-rate, deformation). Microfluidics was used as a
tool to systematically control these parameters. Droplet microfluidics enabled
precise control on precursor emulsion properties and soft lithographic techniques
facilitated design and fabrication of micro-channels with precisely controlled
geometry and wetting properties. A tapered design of phase inversion channels
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was found to be effective in causing FIPIE of both O/W and W/O emulsions
based on the wetting properties. Fundamental understanding of FIPE was
developed through in situ observation.
In Chapter 2, the design parameters of phase inversion channels (PICs) were
investigated. It was observed that FIPIE could only occur when the channel
surface was preferentially wetted by the dispersed phase of the precursor
emulsions so, a hydrophobic channel was necessary for FIPIE of O/W emulsions
and a hydrophilic channel was necessary for the reverse. This finding was
consistent with previous reports of microchannels with sharp contrasts in wetting
properties where droplet adhesion to channel walls led to phase separation and/or
phase inversion of emulsions. For the sake of simplicity of PIC fabrication,
patterning of surface wettability was avoided by designing PICs with a slight
taper. A side effect of the presence of taper was the isolation of phase inversion
events in the tapered zone of the PIC, which made the process easier to observe
and monitor. In addition, just like a continuously variable transmission in a car
can always find the gear appropriate for any speed of the car, a tapered channel,
with the continuously variable channel width, can find the right amount of
deformation required for FIPIE of a wide range of droplet sizes.
The occurrence of FIPIE was found to be very sensitive to the amount of taper in
the PICs. A range of taper angles (2.5-20o) were tested at low Ca (~O(10-3)). It
was found that for low angles (<5o), FIPIE occurred only above a threshold
droplet deformation, quantified by the ratio of size of the droplet to the minimum
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width of the tapered channel (D/W). For these low angles, FIPIE was more likely
when D/W was greater than 2. For higher angles (>5o) FIPIE was suppressed even
in cases of high D/W. Data plotted on a state-diagram between taper angle and
D/W indicated the existence of a sharp contrast in FIPIE behavior as the taper
angle increased above 5o. A new variable ‘droplet residence time’ was defined as
the total time the droplets spend in the deformed (non-spherical) shape inside the
PICs. Residence time was found to be a very steep function of taper angle,
increasing by two orders of magnitude as the angle decreased from 20-2.5o. It was
proposed that the sharp reduction of the residence time with the taper angle could
be responsible for the angle-dependent behavior of FIPIE. However, further
quantitative investigation into the time-scales of drainage of the aqueous film is
necessary to support the claim.
In Chapter 3, the understanding developed in the previous chapter about the
geometry and wetting requirements of PICs was utilized to investigate the
dependence of FIPIE on the dynamic flow-conditions. Hydrophobic PICs with
small taper angles were fabricated and O/W precursor emulsions of varying
droplet sizes were flowed through them at different flow-rates. The outcomes for
these different conditions were divided into two broad categories- phase inversion
events (PIE) and no phase inversion events (no PIE) on a state-diagram plotted
between Ca and D/W. It was found that higher D/W was favorable for FIPIE,
which is consistent with the observations from the previous chapter. The PIE
outcomes were also found to be concentrated in the low Ca region. This implies
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that the FIPIE process is driven by surface tension dominated effects as opposed
to those dominated by viscous stresses. The border between the PIE and no PIE
regions on the state-diagram represented the Cacrit, which was the maximum Ca
for every D/W at which PIE was the likely outcome. This analysis can potentially
help in operation of any continuous PIE process, where a ‘control knob’ in terms
of Ca can be changed in real time to change the outcome of the process. Also, the
use of dimensionless quantities in the analysis makes it independent of the system
dimensions, which means that the relationships hold true for any system, as long
as dynamic similarity is maintained.
Application of FIPIE in continuous PIE cannot be realized unless the mechanism
of the process is well understood. The use of high-speed in situ imaging was
therefore an extremely useful tool, as it enabled the visualization of droplet level
events occurring in real time, with high degree of spatial and temporal resolutions.
It was observed that a thin aqueous film surrounded the oil droplets in the tapered
PICs. The rupture of this aqueous film was determined to be the most important
step in FIPIE. In the narrower parts of the PICs, confinement further reduced the
thickness of the film, ultimately rupturing them, and leading to FIPIE. Close in
situ examination of FIPIE revealed an otherwise hidden detail: when a
fluorescence dye was added to the dispersed oil phase of the original O/W
emulsion, a thin layer of oil remained on the channel surface throughout the FIPIE
process. In other words, the thin aqueous films that ruptured to cause inversion
were actually sandwiched between oil droplets and an oil layer deposited on the
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channel surface. Based on the information obtained from in situ observation, a
mechanism of the process was proposed.
The experimental data from FIPIE at different Ca and D/W were compared with a
scaling relationship between the two dimensionless quantities. This scaling
relationship was derived based on the stress balance across the oil-water interface
in the tapered zone of the PICs. Based on the agreement between the scaling
relationship and the experimental data, it was concluded that the balance between
the Laplace pressure across the fluid interfaces and the disjoining pressure in the
thinning aqueous film due to attractive van der Waals interactions, determined
whether film rupture occurs, and therefore was the determining factor for the
occurrence of FIPIE.
In Chapter 4, the role of surface-active agents on stabilizing the precursor
emulsions against FIPIE was investigated. In this study, symmetric amphiphilic
triblock copolymers of PEO-PPO-PEO (poly(oxythylene) – poly(oxypropylene) –
poly(oxyethylene)), commercially available as Pluronics were used as the
emulsifiers. A wide range of Pluronic copolymers with varying PEO and PPO
block sizes are readily available. The performances of different surfactants were
compared in terms of the ability of O/W emulsions to sustain flow through PICs
at low Ca. More stable emulsions should be less likely to experience phase
inversion, so they can sustain lower Cacrit without crossing-over to FIPIE. It was
found that all the Pluronic surfactants used in this study consistently showed
better performance despite Tween 20 being more efficient in lowering the IFT of
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the system than some of them. Pluronics with longer PEO blocks were found to
stabilize the emulsions more effectively indicating that the steric stability
provided by the viscoelasticity of the interfacial copolymer films plays a central
role in stabilizing the emulsions against FIPIE.
The findings presented in this thesis may further the design of phase inversion
channels to induced FIPIE of O/W or W/O emulsions. The understanding of the
mechanistic steps involved in FIPIE as well as the dimensionless factors that
control the outcome of the process can potentially facilitate continuous PIE in
industry.

5.2 Outlook
Quoting Dr. Richard Feynman, winner of 1965 Nobel Prize in physics, “ It is in
the admission of ignorance and the admission of uncertainty that there is a hope
for the continuous motion of human beings in some direction that doesn't get
confined, permanently blocked, as it has so many times before in various periods
in the history of man.” In the same spirit, it is essential to acknowledge that
various aspects of FIPIE are still unclear and require rigorous scientific
investigation. Some of the fundamental questions, which warrant attention, are
1. Under what conditions can FIPIE result in continuous generation of
O/W/O double emulsions?
2. How would the presence of polydispersity of precursor emulsions affect
the outcome of FIPIE?
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3. In what way can FIPIE be scaled-up? What are the main foreseeable
challenges?
4. How important is the viscosity ratio of the fluids involved in the process?
5. What factors control the properties of the final inverted emulsions, like
stability, size and size distribution?
In the FIPIE study, it was found that the rupture of the continuous phase film was
necessary for phase inversion. This rupture was dependent on interfacial stresses
which were determined by the Ca and D/W of the system. Higher D/W and lower
Ca were favorable for FIPIE. However, at values of these parameters intermediate
between FIPIE and no FIPIE, a partial phase inversion was observed, leading to
O/W/O double emulsions. in situ observation showed that O/W/O emulsions were
formed when some droplets escaped the film rupture and remained engulfed in the
aqueous phase. Polydispersity of precursor emulsions was hypothesized to be one
reason behind this inhomogeneous rupture. Upon injection of polydisperse
precursor emulsions into the PICs at low Ca, it was found that larger droplets
(higher D/W) showed film rupture while the smaller droplets (D/W<2) escaped
and formed O/W/O double or multiple emulsions.
One such example is shown in Figure 5-1 where polydisperse O/W emulsions
were injected into hydrophobic glass capillary PIC leading to formation of O/W/O
multiple emulsions. The number of oil droplets engulfed inside these multiple
emulsions depended on the degree of polydispersity of the precursor emulsions.
For example, if a large fraction of droplets of precursor emulsions are susceptible
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to film-rupture due to higher D/W, then the resulting multiple emulsions would be
expected to have fewer ‘core’ droplets and vice versa. The role of polydispersity
of precursor emulsions can be investigated by generating emulsions with
‘controlled polydispersity’ using a pressure actuated PDMS-based droplet
generator shown in Figure 5-2(a).1 It has been shown that by modulating the airpressure in these actuators the emulsion size can be changed during the generation
process. By carefully controlling the pressure variation in these actuators,
different final droplet size distributions can be obtained. (Figure 5-2(b)) These
precursor emulsions could provide valuable insights into the formation of multiple
emulsions in PICs, which cannot be obtained from monodisperse emulsions.
Since a polydisperse precursor is more realistic in a real-world application of
FIPIE, it is crucial to understand the response of FIPIE to such effects.

Figure 5-1Optical microscopy image of polydisperse O/W emulsions flowing
through a hydrophobic PDMS PIC. Larger droplets show the film-rupture
while smaller droplets escape, forming O/W/O multiple emulsions. The size
and relative position of droplets in the PIC determine the number of cores
inside the multiple emulsions.
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Figure 5-2 (a) Optical microscopy image of actuator-equipped droplet generator.
Increase in valve-pressure in the actuators causes them to expand and pinch on
the collection channel of the droplet generator. (b) Variation of droplet sizes as a
value pressure is increased. (c) Size of droplets generated at different valvepressure conditions plotted as a function of the orifice width. Inset shows the
frequency of droplet generation as a function of inverse of droplet volume. Since
the volumetric flow rates are constant, smaller droplets (on the right) are
generated at higher frequencies. Reproduced with permission from reference 1
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Figure 5-3 (a) Schematic illustration of the effect of polydispersity of precursor
emulsions with a bimodal size distribution and synchronized injection into
PICs. (a) When two large droplets are separated by one small droplet leading to
O/W/O double emulsions. (b) more than one smaller droplets in between large
droplets can result in O/W/O multiple emulsions. (c) Optical micrograph of
synchronized droplet reinjection using two different sized droplets. Reproduced
with permission from reference 2.

The relative ordering of droplets of different sizes in the PICs can also affect the
number of engulfed oil droplets. As shown in Figure 5-3(a,b), the smaller
“FIPIE-resistant” droplets flowing between two consecutive larger “FIPIEsusceptible” droplets will become the ‘core’ droplets of O/W/O multiple
emulsions. Controlled synchronization of emulsion droplets, distinct in size and
chemistry, has been demonstrated in a previous report (Figure 5-3(c)).2 It is
possible that by changing the relative injection rates of the two kinds of
emulsions, different ordering of bigger and smaller droplets can be achieved, as
illustrated schematically in Figure 5-3(a,b). This would be useful to test the
hypothesis of the effect of polydispersity of precursor emulsions on the formation
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of double and multiple emulsions. The understanding developed from such
studies could be useful in controlled and continuous generation of multiple
emulsions and further numerous industrial applications.
Even though the polydispersity of precursor emulsions could be one of the ways
of generating double and multiple emulsions, the formation of double emulsions
observed in FIPIE of reasonably monodisperse precursors shown in this thesis
suggests that there may be other factors at play. The occurrence of ‘incomplete’ or
‘partial’ FIPIE in between PIE and no PIE regions on the state-diagram suggested
that the hydrodynamic conditions local to individual droplets could be affecting
the difference in behavior of some droplets. This aspect of FIPIE remains unclear
and warrants further investigation for the sake of a comprehensive understanding
of FIPIE.
The characteristics of inverted emulsions generated after FIPIE were not the focus
of investigations in this thesis. In fact, since no surfactants were added to the oil
phase of the precursor emulsions, the final W/O emulsions were highly unstable
and demonstrated rapid coalescence after completion of FIPIE. However, the
characteristics of the inverted emulsions are a very important piece of the puzzle,
particularly as FIPIE is envisioned as a method of generating emulsions. The
parameters which control the size, distribution and stability of inverted emulsions
are therefore critical and require a rigorous investigation.
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Figure 5-4 Schematic illustration of new PIC design with added channels to
add surfactant to the continuous oil phase after completion of FIPIE.
The stabilization of inverted emulsions is necessary to allow their collection and
further analysis. An additional stream of oil phase with high surfactant content,
injected at the outlet of the PIC constriction, as shown in the schematic in Figure
5-4, can provide stability to the generated emulsions. From the observation of
various FIPIE events under different conditions, it was apparent that the interdroplet distance between the injected emulsions in the PICs is an important
parameter affecting the size of the generated W/O droplets, as the aqueous slugs
trapped between the successive oil droplets form the ‘primary’ dispersed phase of
inverted W/O emulsions. Larger inter-droplet distance should therefore, lead to
larger W/O emulsions. The inter-droplet distance (IDD) depends on the amount of
continuous phase trapped between droplets, which can be controlled by the
reinjection conditions. So, as done in this study, a concentrated emulsion phase
with very small IDD can be injected into the PICs at first. Additional continuous
phase can then be injected in between successive droplets to increase the interdroplet distance by the required amount. Figure 5-5 shows that the flow rate of
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the ‘spacer fluid’ can be used to modulate the IDD before the droplets reach the
tapered part of the PIC.

Figure 5-5Optical microscope images of PICs with channels added for
injection of continuous phase i.e. the ‘spacer fluid’ between oil droplets to
increase the inter-droplet distance (IDD). IDD increased with increasing flow
rate of the spacer fluid from (a) through (c).

It is worth noting that during FIPIE, the rupture of the aqueous film often leads to
formation of secondary droplets. These secondary droplets were formed from the
aqueous phase in the film and were much smaller in size as compared to the
primary water droplets. As a result, under the present conditions, FIPIE generated
a bi-disperse system. If the monodispersity of inverted emulsions are important, it
is possible to use hydrodynamic forces to manipulate the migration of these
smaller droplets through a number of available passive sorting techniques with
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high throughput.3 Channels can be designed to leverage this effect to segregate
the bi-disperse inverted emulsions to obtain a relatively monodisperse size
distribution.
Sometimes the larger droplets of inverted W/O were found to split into smaller
daughter droplets, due to Rayleigh-Plateau like instabilities. Thus, the
hydrodynamics inside the constriction-expansion geometry of the PICs is another
factor which could affect the final size distribution. A systematic investigation of
the interplay between viscosity ratio, inter-droplet distance, and hydrodynamics
could highlight factors controlling the size distribution of final emulsions.
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Appendix A Supporting Information
A.1 Derivation of residence time of droplets in PICs

Figure A-1 Schematic showing the position of first contact when the undeformed
droplet first touches the channel walls.

The following equations can be written using simple trigonometric relationships,
𝑡𝑎𝑛𝜃 =

𝐴𝐶
𝐶𝑃

=

𝑀𝑅
𝑅𝑃

(1)

Since, 𝐴𝐶 = (𝐷⁄2)𝑐𝑜𝑠𝜃 𝑎𝑛𝑑 𝑀𝑅 = 𝑊⁄2, so
𝐶𝑃 =

𝐷𝑐𝑜𝑠𝜃
2𝑡𝑎𝑛𝜃

(2)

𝑅𝑃 =

𝑊
2𝑡𝑎𝑛𝜃

(3)

and
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Since L = CP – RP, substituting the expressions from (2) and (3) gives

𝐿=

𝐷𝑐𝑜𝑠𝜃−𝑊
2𝑡𝑎𝑛𝜃

= 𝑊(

𝐷
𝑤

( ) cosθ − 1
2𝑡𝑎𝑛𝜃

)

(4)

So for every value of taper angle (θ), D/W = sec(θ) gives L=0. This can be physically
understood as the case where the droplet touches the channel walls just at the point of
minimum width. If the D/W is any smaller, the droplet will simply flow out of the
channel without any contact with the surface. In that case, the negative value of L
calculated from (4) will be meaningless.
Since the volumetric flow rate, Q, was maintained constant for every data point, the
volume conservation (and therefore mass conservation) can be written as,
𝑄 = 𝑊(𝑥) ∗ ℎ ∗ 𝑈(𝑥)

(5)

Where, W(x) is the width of the channel as a (linear) function of x, and U(x) is the
average speed of fluid, also a function of x. The origin (x=0) is assumed to be at point R
in Figure A-1. So,
𝑊(𝑥) = 𝑊 + 𝑥 ∗ 𝑡𝑎𝑛θ

(6)

So, we can write,
𝑑𝑥

𝑈(𝑥) = − 𝑑𝑡 =

𝑄
ℎ∗(𝑊+𝑥∗𝑡𝑎𝑛𝜃)

(7)

Two assumptions were made in writing Equation (7). First, the flow inside the channel
was assumed to be single-phase flow, instead of two-phase emulsion flow. This is not
accurate since the presence of droplets can significantly vary the flow conditions and
change the residence time calculations. However, the magnitude of error was not
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expected to be very sensitive to angle of taper. Also, care was taken to ensure that the
results of this analysis were only used as qualitative comparisons between residence
times at different taper angles. Secondly, the speed, U, of the fluid was assumed to only
depend on x and was calculated from the known volumetric flow rate and cross-sectional
area at every x. However, different streamlines inside the channel will have different
speeds, so fluid at different y,z locations, at the same x, will have different local speeds
and will therefore, spend different amounts of time inside the channel. Once again, the
average U over the cross-section simplified the analysis at the cost of some accuracy.
(7) can be integrated as,
𝑡

𝐿

𝐿

𝑄
∫ 𝑑𝑡 = 𝑊 ∫ 𝑑𝑥 + 𝑡𝑎𝑛𝜃 ∫ 𝑥𝑑𝑥
ℎ

𝑡=0

0

0

Which gives,
𝐿2
𝑡𝑎𝑛𝜃)
2

𝑡=

ℎ
𝑄

𝑡=

𝑊 2 ℎ 𝐷⁄𝑊𝑐𝑜𝑠𝜃−1 𝐷
( 8𝑡𝑎𝑛𝜃 ) [ ⁄𝑊 𝑐𝑜𝑠𝜃
𝑄

(𝑊𝐿 +

(8)

Substituting L from (4) gives

+ 3]

(9)

A.2 Derivation of Ca vs. D/W scaling relationship
The derivation can also be found from the original source in reference 1. As the droplets
passed over the hydrophobic surface, long-range hydrophobic forces introduced
sinusoidal disturbances in the interfaces of the aqueous films. Due to these disturbances,
the distances between the two interfaces decreased to the limit where van der Waals
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forces became significant. van der Waals forces in thin films result in a disjoining
pressure in the film given by
Π𝑣𝑑𝑊 ~

𝐴
6𝜋ℎ 3

(10)

where, A is the Hamaker constant and h is the film thickness. This disjoining pressure
due to attractive van der Waals interactions constantly tries to collapse the film. The
Laplace pressure at the curved interface balances this attractive disjoining pressure, and is
given by
Π𝐿𝑝𝑐 ~

𝛾
𝑟𝑐

(11)

Where, γ is the interfacial tension and rc is the radius of curvature of the interface. The
curvature of a sinusoidal surface can be approximated as,
2
𝑟𝑐 ~ 𝜆 ⁄𝑎

(12)

Where, ‘λ’ and ‘a’ are respectively the wavelength and amplitude of the sinusoidal
disturbance wave. λ was approximated to scale as ~D, while ‘a’ was assumed to scale as
film thickness, since these disturbances were assumed to cause adhesion. Substituting
into (11),
Π𝐿𝑝𝑐 ~

𝛾
𝑟𝑐

~

𝛾ℎ
𝐷2

(13)

𝐴𝐷 2
𝛾

(14)

Comparing (10) with (13),
ℎ4 ~
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Bretherton2 proposed that the thickness of the aqueous film between a long bubble
flowing through a channel filled with fluid scales with the Ca of the bubble as,
ℎ⁄ ~ 𝐶𝑎2/3
𝑊

(15)

Where, W is the hydrodynamic diameter of the channel. Equations (14) and (15) give,
𝐴 3/8

𝐶𝑎 ~ (𝛾 )

𝐷 3/4

(𝑊)

1
𝑊 3/4

(16)

Therefore, the scaling relationship can be compared with the experimental data by
moving W to the right hand side, giving
3

𝐴 3/8

𝐶𝑎 ∗ 𝑊 4 ~ (𝛾 )
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𝐷 3/4

(𝑊)

(17)
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